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Abstract 
 
This work is aimed at practical damage assessment in large composite panels with a 
view to long-term monitoring of such components. Three sets of experiments have been 
carried out on a carbon fibre epoxy composite to assess the possibilities for source 
location and also to characterise the AE associated with impacts and with various 
damage modes.  
 
AE wave propagation was studied using a Hsu-Nielsen source on a one-metre square 
CFRC plate and a new approach using features of the Gabor Wavelet Transform was 
developed to determine the resulting wave speeds and modes. Next, a series of tests 
were carried out with low speed impacts and the time and frequency features identified 
as a function of the incident energy, size and material of the impacting particle. In 
particular, it was found that the time difference between two peaks in the Gabor 
Transform Contour Plot could be used as a measure of the impact contact time. Finally, 
a set of destructive tests (tension, tearing and bending) were carried out while measuring 
AE to identify fibre breakage, matrix cracking and fibre/matrix de-bonding. Using a 
classification scheme based on the modal analysis developed in the propagation studies, 
the proportions of the various damage modes could be assessed. 
 
The research concludes overall that modal AE analysis, aided by the novel signal 
processing schemes developed here is an efficient way of identifying and locating 
damage in CFRC panels in a way that reduces the reliance on energy methods and the 
consequent problems that this raises with calibration.  
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Chapter 1    Introduction 
 
1.1  Background to the use of AE on composite materials 
Acoustic emission (AE) is “a transient elastic (stress) wave generated by the rapid 
release of energy from a localised source” within or on a material [1]. In structures 
made from composite materials, such rapid localised release of energy can come about 
due to impacts on the surface as well as processes of deformation and fracture within 
the material and on its surface. 
 
It is the purpose of AE structural integrity monitoring (and the main thrust of this thesis) 
to assess the status of a structure in service by the use of continuous (or semi-continuous) 
surveillance with a fixed array of sensors. As a non-destructive method, AE has a 
number of advantages over other non-destructive methods [1, 2, 3, 4]. First and 
foremost, the energy of AE is released from the test object itself, and so AE is able to 
monitor in real-time, potentially while the object is in service. This is in contrast to 
many other non-destructive methods (such as, say, ultrasonic NDT) where the energy is 
injected into the test object, but similar to some others, such as thermography or 
temperature monitoring. Secondly, AE is capable of detecting dynamic processes 
associated with the degradation of structures, such as crack initiation, crack growth and 
damaging impacts. Since these processes commence before a structure fails, AE 
monitoring gives the opportunity for developing a structure condition record which can 
be used to plan maintenance interventions. Finally, AE only needs the input of one or 
more relatively small sensors on the surface of the structure or specimen being 
examined, and so is non-invasive. Other non-destructive methods, such as ultrasonic 
testing and X-radiography [5, 6], require access the whole structure or specimen, and 
others, such as corrosion monitoring systems [7], require access to the process stream. 
Perhaps the nearest monitoring equivalent to AE is acceleration monitoring [8], which 
also uses surface-mounted point sensors. Here, the distinctive advantage offered by AE 
is its sensitivity to phenomena leading to degradation as opposed to the symptoms of 
degradation having taken place. The main qualitative difference is that acceleration 
monitoring deals with whole body movements (higher amplitudes and lower frequencies) 
and AE monitoring deals with (mostly) structure-borne ultrasound (lower amplitudes, 
 2 
higher frequencies); this difference means that AE monitoring can be applied 
simultaneously with acceleration monitoring or in the presence of considerable whole 
body vibration. Another advantage of AE monitoring over acceleration monitoring is to 
do with the fact that AE waves are propagated from a source to the sensor(s) offering 
the opportunity of source location and/or rejection of signals from unwanted sources. 
 
The combined advantages of AE have led to it being advocated in many areas of 
industry [1, 2, 3], and, for composites particularly, in the aircraft industry, where real-
time monitoring of composite structures can be achieved with embeddable sensors, and 
where damage mode identification and failure prediction are very important [9, 10]. 
 
Aluminum has been used in the aircraft industry since the 1930s, while carbon- and 
glass-fibre reinforced composites were gradually introduced in the 1970s and now play 
a significant role in a wide range of the current generation of aviation structures. The 
first developments were for military applications and then extended to the commercial 
transport aviation industry. There has been a steady tendency to replace relatively heavy 
single-component metallic structural materials by carbon-fibre reinforced composites, 
replacing some structural elements, but also whole sub-structures such as wings, tails 
and body panels [10, 11]. Over the past ten years, the number of applications of 
advanced composites has steadily increased in both the wing and fuselage. Although the 
most common reason for exchanging metal structures with composites is weight 
reduction, there are many other reasons. Composites have good tolerance to defects and 
are more resistant to fatigue than aluminum, although they are more susceptible to 
impact damage because they are anisotropic and do not resist out-of-planes stresses well 
(most composite structures are laminates used in plane stress).  
 
Aside from the aerospace industry, composites are widely used in other applications, 
such as sport, automotive and the process industry. The increased use of composite 
materials and their relatively high cost and limited availability make it essential to 
develop low cost, effective nondestructive testing and inspection techniques (NDT/NDI). 
AE is a good choice for monitoring the failure processes in carbon fibre reinforced 
composites, because it seems to be the only method potentially capable of detecting all 
damage types, seen in Table 1-1 [12, 13], although this raises the important questions of 
discrimination between damage types.  
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 AE Ultrasonic C-scan Radiography Microscopy 
Fibre Fracture Possible No No No 
Delamination Possible Yes Yes At edges only 
Matrix Cracking Possible No Yes At edges only 
Debonding Possible No No No 
 
Table 1-1: Overview of the different techniques used to identify damage in composites 
 (information extracted from [12]). 
 
The current work focuses on one material type, carbon fibre reinforced composite 
(CFRC), employing carbon fibre in an epoxy matrix. CFRCs are characterised by high 
stiffness and high strength, particularly when normalised against their main competitors 
for structural applications, steels and aluminium alloys. Due to their nature, composites 
in structural applications fail in more complex ways than metals and, aside from 
localised damage due to contact (either impacts or abrasion), the main progressive 
damage modes involve matrix cracking, fibre breakage and matrix-fibre de-bonding [9]. 
One might expect the different damage modes to generate different AE signatures 
because the mechanisms arguably have different temporal and directional characteristics 
and, indeed, a number of authors [14-63] claim to have identified characteristic AE 
signatures associated with different damage modes in CFRCs. However a consensus yet 
has to be reached, probably because of the heterogeneity and anisotropy of CFRCs, the 
variation of mechanical properties with manufacturing process, structure, fibre 
orientation and fibre volume fraction, and the variation of frequency response and 
resonant frequency of the sensors, and of course, the extreme difficulty in controlling 
during experiments the individual transient processes which contribute to failure. 
Currently the findings from measurements made with particular CFRC materials used in 
particular CFRC structures under particular stimuli are not yet well enough understood 
to form generic conclusions.  
 
1.2  Objective of the research 
The objective of this research is to investigate the propagation characteristics of AE 
waves excited by simple sources on simple CFRC structures in order to establish what 
characteristics of the source can be identified from an array of sensors placed on the 
structure. In addition, the characteristics of more realistic sources, including impacts, 
incremental tearing and tensile and bending failure are investigated in order to establish 
that range of temporal AE characteristics that might be expected when such phenomena 
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occur on real structures. The thrust of the work is to identify the extent to which the 
source type can be identified solely by examining the features of AE signals received at 
a sensor array.  
 
The work was pursued in three stages: 
1. Building up the basic knowledge of AE wave propagation in simple CFRC 
structures, a 1m × 1m CFRC plate using a Hsu-Nielsen source (pencil lead break). 
This aspect involved determining wave speed distribution, energy attenuation, and 
tentative identification of the wave modes excited, as well as developing methods 
for source location. Since the CFRC is anisotropic, the wave speeds and energy 
attenuations could vary with angle to the principal fibre directions. 
2. Source identification and location, including establishing a mapping between AE 
wave features recorded on the array and simple sources including a Hsu-Nielsen 
source and various low speed impact sources (dropped objects).  
3. Identification of sources in destructive tests, including establishing the 
characteristics of sources active during the tensile failure, bending failure and 
crack extension failure of test pieces of the CFRC. 
 
1.3  Research methodology 
In this research, time-frequency analysis, statistical analysis, systems analysis and 
modal AE method are applied to AE data acquired from a series of experiments using 
fixed and variable sensor arrays and using a variety of simulated sources.  
 
Continuous wavelet transforms, in particular the Gabor wavelet transform are applied 
because of their potential for analysing anisotropic composites given their capacity to 
separate clearly time and frequency information. ANOVA (analysis of variance)  has 
been used to test for the significance of differences between experimental groups and 
frequency distributions have been used to summarise the event history in the destructive 
tests.   
 
According to systems theory, an AE signal can be expressed as )()()( tHtXtY ∗= , 
where Y(t), X(t) and H(t) are AE signal, source temporal characteristic and transfer 
function respectively. The essential hypothesis is that Y(t) will vary with X(t), and that 
H(t) will be invariant for a given “system” characterised by the AE “expression” of the 
 5 
source, the sensor array, the structure, the amplifier settings, the sensor sensitivities and 
the data acquisition method. When the source is controlled intentionally, such as 
changing the ball size in the impact tests, the variation of Y(t) can then be seen as a 
consequence of changing the ball size. 
 
Modal AE analysis has only been applied quantitatively to explain the propagation 
characteristics in term of the ratio of extensional mode and flexural mode and also has 
the potential to discriminate the characteristics of source expression for different 
damage types.   
 
1.4  Thesis outline 
This thesis is presented in 7 chapters as follows. 
 
Chapter 1: Introduction 
This chapter introduces the background and the objective of the research and provides 
an overview of the thesis organisation. 
 
Chapter 2: Literature review 
This chapter reviews the state of knowledge of AE inspection and monitoring applied to 
composites including AE wave modes, wave propagation, wave speed determination, 
AE attenuation, source characterisation, application and development. 
 
Chapter 3: Experimental apparatus and procedures 
This chapter describes in detail the general experimental set-up along with the 
procedure for all tests including pencil lead break tests, low speed impact tests, and 
destructive mechanical tests. 
 
Chapter 4: Analysis of tests using simulated sources 
This chapter covers the analysis of the experiments where pencil lead breaks on a 1m×
1m CFRC plate and determination of its AE propagation characteristics. 
 
Chapter 5: Analysis of low-speed impact tests 
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This chapter analyses the experimental data from low speed impact tests and develops a 
description of the AE characteristics of such sources. 
Chapter 6: Analysis of destructive tests 
This chapter covers the analysis of the destructive mechanical tests and the development 
of a description of the characteristics of the assemblages of sources leading to failure in 
tension, in bending and during large-scale crack extension.  
 
Chapter 7: Discussion, conclusions and recommendations for future work 
This chapter discusses the main findings of the research in relations to the literature, 
summarises the main contributions made, and makes recommendations for future work. 
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Chapter 2    Literature review 
 
2.1  Introduction 
The concept of applying AE monitoring to structures made from carbon-fibre reinforced 
composites goes back around 20 years and subsequent research work has focused on 
wave propagation, damage identification and detection, and the development of special 
sensors, mostly in the area of self-sensing composites. So far, consistent conclusions yet 
have to be reached in the area of damage detection, and the purpose of this chapter is to 
summarise the state of knowledge with a view to highlighting areas of agreement and 
those of contention. To do this, aspects of AE propagation are first discussed from both 
the experimental and theoretical points of view, followed by a discussion of work on 
source identification. Finally, the two aspects are brought together in a discussion of 
applications and development.  
 
2.2  AE wave propagation in composites 
The AE waves generated in a composite are generally more difficult to interpret than in 
metals due to the complex mechanical properties of composites. Composites are both 
heterogeneous (involving macroscopic mixtures of two very different components) and 
anisotropic in terms of their elastic modulus (the key property determining AE wave 
propagation), and manufacturing processes are such that the structure (fibre orientation 
and fibre volume fraction) is not as regular as it is, say, in a crystal lattice (the 
fundamental structure within which AE propagates). Finally, at least one component of 
the composite is usually a polymer, which has viscoelastic properties and hence its 
propagation is more correctly represented by a complex propagation constants as 
opposed to a real velocity [64,65]. One consequence of this complexity is that the AE 
signal received by a sensor from a given source depends significantly on the position of 
the sensor [26] and it is therefore necessary to have an appreciation of the propagation 
characteristics of AE waves.  
 
 
8 
 
2.2.1 Theoretical considerations 
AE is generated by highly localised transient strains in or on materials. The time 
durations are short, to the extent that the normal assumption of rigid body dynamics 
(that application of force results in every point being put in motion instantaneously) and 
elastic theory (body in equilibrium) do not hold. Instead, it is necessary to consider the 
propagation of (elastic) stress waves, governed, in isotropic elastic media, by the 
differential equation: 
 
                                                                                                                                       (2-1) 
 
 
where α is a vector displacement and c is the elastic wave propagation speed (assuming 
the material to behave in a linear elastic fashion [66]). If the deformation is localised to 
a point the solution is given by the sum of diverging (f) and converging (F) spherical 
waves whose amplitude is inversely proportional to distance from the source, r [66]: 
 
                                                                                                                                       (2-2) 
 
 
The solutions can also be written in terms of dilatational (ud) and distortional (ue) 
components of displacement which, for planar waves traveling in the x-direction, can be 
expressed [66]: 
 
                                                                                                                                       (2-3) 
 
                                                                                                                                       (2-4) 
 
 
giving rise to the concepts of longitudinal waves and shear waves at source-sensor 
distances where the wavefront can be considered to be planar, as shown in Figure 2-1. 
The propagation speeds c1 and c2 are longitudinal and shear wave speeds, respectively, 
and c1 > c2, as seen in equations 2-3 and 2-4. 
 
 
 
 
 
 
 
 
α
α 22
2
2
∇=
∂
∂ c
t
( ) ( )[ ]ctrFctrf
r
++−=
1
α
( )tcxu kkidi 1−Φ= αα
( )tcxu kkjkijkei 2−Ψ= ααξ
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Figure 2-1: Longitudinal wave (P-wave), Shear wave (S-wave) and Rayleigh wave 
(diagram extracted from [67]).  
 
 
If the medium is bounded by one plane (semi-infinite solid), it is possible for AE to 
propagate as Rayleigh waves, seen in Figure 2-1. If the free surface is in the x-y plane, 
and, for a plane wave propagating in the x-direction at velocity c = p/f, the x- and z- 
displacements are given by : 
 
                                                                                                                                       (2-5) 
 
                                                                                                                                       (2-6) 
 
 
where s is displacement vector,  f is wavenumber, equal to 2π divided by wave length, p 
is 2π  times the frequency of sinusoidal waves and 22 hfq −= , where 
µλ
ρ
2
2
+
=
ph  
and µλρ ,,  are density, lamé’s constant and rigidity (shear) modulus [66]. 
 
Most of the Rayleigh wave energy is carried near the surface, for example, for Poisson’s 
ratio ν = 0.25, the attenuation factors (with depth) q/f and s/f are 0.85 and 0.39, and so 
there is no significant motion parallel to the surface by about 0.2 wavelengths below the 
surface. The propagation speed of Rayleigh waves, p/f, is independent of frequency, and 
varies from about 0.92c2 for ν = 0.25 to about 0.95c2 for ν = 0.5. 
 
Finally, if the medium is bounded by two parallel planes with thickness much less than 
length and width, it is possible for Lamb waves (or plate waves) to exist [68, 69, 70, 71, 
( )[ ] ( )fxptefsqseAfu szqx −+−= −−− sin2 122
( )[ ] ( )fxptefsfeAqw szqx −+−= −−− cos2 1222
10 
 
72]. Lamb wave can propagate in symmetrical (s) modes and anti-symmetrical (a) 
modes,  and the relevant displacement equations are: 
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where d  is thickness of the plate and ϖ  is angular velocity  ( fπϖ 2= ). The constants 
as kk ,  are Lamb wave numbers for extensional modes and flexural modes, respectively. 
The equations 22,, lasas kkq −=  and 
22
,, tasas kks −= , where lk  and tk are the wave 
numbers for longitudinal waves and shear waves, respectively. U and W are 
displacement components along the x- and z- axes.  
 
The wave numbers can be determined from the characteristic equations for symmetrical 
(2-11) and asymmetrical (2-12) modes: 
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Where 22
2
2 k
cl
−=
ϖα , 22
2
2 k
ct
−=
ϖβ  and pck /ϖ= , lc  and tc  are the velocities of 
longitudinal and shear waves in the plate, respectively, and pc  is the phase velocity of 
Lamb wave in the plate.  
 
11 
 
The first group of waves, indicated by the subscript s, describes extensional Lamb 
waves, where the motion is symmetrical with respect to the plane z = 0 (i.e., the 
displacement Us has the same sign and the displacement Ws  the opposite sign in the 
upper and lower halves of the plate). The second group of waves, indicated by the 
subscript a, describes flexural Lamb waves, where the motion is anti-symmetrical (i.e., 
Ua has the opposite sign and Wa the same signs in the upper and lower halves of the 
plate). Both extensional Lamb waves and flexural Lamb waves are shown schematically 
in Figure 2-2. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2: Representation of A and S lamb wave shape  
(diagram extracted from [74]) 
 
 
The Lamb characteristic equations (2-11) and (2-12) reveal a functional relationship 
between the Lamb wave phase velocities pc  and the product of frequency and thickness 
of the plate f d× . Hence the group velocity gc  is a function of f d× also, because 
)]}
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p
p
ppg −−=∂
∂
−= , where fd=ξ .  
 
Numerical methods can be used to solve the characteristic equations to produce the so-
called Lamb wave dispersion curves [54, 73] shown in Figure 2-3.   
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Figure 2-3: Group velocities and the product of thickness and frequency of aluminum 
(diagram extracted from [54]). 
 
 
Each mode exists only above a certain frequency called the “nascent frequency” [75], 
which satisfies 
d
ncf
2
= , where f is the nascent frequency. n is any positive integer. c 
can be either the longitudinal or the shear wave velocity. For each set of resonances the 
corresponding Lamb wave modes are alternately symmetrical and anti-symmetrical. The 
zero-order symmetrical and anti-symmetrical modes both have zero nascent frequency,   
and so can exist at any frequency-thickness product. 
 
Zero-order modes, 0s and 0a , are more important than higher-order modes in that they 
usually carry more energy and they exist for any frequency and plate thickness. As the 
frequency increases and the wavelength becomes comparable with the plate thickness, 
both the phase velocity and the group velocity converge towards the Rayleigh wave 
velocity. 
 
The total number of symmetrical modes Ns and anti-symmetrical modes Na that are 
possible in a plate of given thickness 2d at the frequencyω are equal to [70]: 
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 where lλ  and tλ  are wave numbers of the longitudinal wave and shear wave. The 
brackets in this case indicate the nearest integer part of the number that they enclose. 
 
In practice, a real source will generate a mixture of wave modes, and this mixture may 
(or may not) be characteristic of that source. Thus, for a plate, the source energy could 
propagate at a range of velocities, which can be calculated from the following equations 
[76],  
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υ
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Ec                                                   (2-15) 
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Ec                                                       (2-16) 
29.0 ccr ⋅≈                                                           (2-17) 
h
A
c ije ρ
=                                                           (2-18) 
2/14/1)( ϖ
ρh
D
c ijf =                                                    (2-19) 
 
where fer ccccc ,,,, 21  are the velocities of longitudinal waves, shear waves, surface 
waves, extensional Lamb waves and flexural Lamb waves respectively. υρ ,,E are 
Young's modulus, density and Poisson’s ratio, respectively,  h is the thickness of the 
plate,  ω is th e angular frequency of propagation, and ijij DA ,  are the in-plane stiffness 
and the bending stiffness coefficients along the i, j directions. 
 
The above treatment, whilst potentially allowing for the anisotropic nature of 
composites does not cover issues arising out of their macroscopic inhomogeneity, nor 
does it account for visco-elastic behaviour. However, the practical situation is already 
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sufficiently complex that additional analytical tools will merely lead to parametric 
redundancy when it comes to the analysis of experimental results.  
 
2.2.2 Experimental wave speed determination 
As seen above, AE wave propagation in plates is complex, potential with a number of 
wave modes travelling with different speeds. Even if one or more of the modes is non-
dispersive, the existence of multiple frequencies and velocities itself gives rise to energy 
dispersion. In addition, the AE wave may be affected by attenuation, and reflection and 
mode conversion when the wave impinges on a boundary and, for macroscopically 
inhomogeneous materials, this could happen within the material as well as at its 
surfaces. The complexity of wave propagation makes it difficult to recognise the 
components of a signal even when data are collected simultaneously from a number of 
sensors. 
 
Traditionally, AE source location techniques require the identification of a “wave 
speed”, normally determined using the distances between sensors and the relative arrival 
times in tests involving simulated sources, i.e.  
 
                                                                                                                                     (2-20) 
 
where Δl and Δt are the propagation distance and arrival time differences between 
sensors. Hence, determining the arrival times of propagating waves is the key to 
identifying AE wave speeds. Techniques for arrival time determination include 
threshold crossing, cross correlation, mode identification, wavelet transforms and 
wavelet packet transforms [77]. 
 
The threshold crossing technique is perhaps the most conventional approach, where the 
arrival time is estimated from the time when the raw signal amplitude first crosses a 
predetermined threshold. This technique is relatively straightforward and easy to use 
and works well on small specimens for identifying the arrival of the fastest component. 
However, thresholds are only reliable over the range of source strength and attenuation 
on which they have been determined and are not suitable for slower-moving 
components. In cases where the fastest wave component is highly attenuated or on 
t
lV
∆
∆
=
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larger structures, threshold crossing is of limited accuracy because timing clocks will 
not be triggered at the same phase point for widely-paced sensors [78].  
A cross correlation function can be used to identify the difference in time between two 
functions when records are available from two (or more) sensors, provided that these 
functions have an identifiable temporal structure in common. The cross correlation 
function )(ˆ mRxy  is calculated from: 
 
 
                                                                                                                                     (2-21) 
                                                                                                                                      
 
where nx  and ny  are correlated time series.  
 
When the peak values of the two signals are correlated there will be a peak in the cross 
correlation function corresponding to the difference in time at which the highest 
amplitude of the wave arrives at each of the two sensors. The cross-correlation 
technique is most effective in nondispersive systems and is less useful in dispersive 
systems because the dispersion distorts the temporal structure resulting in mismatch 
which may produce significant errors [79]. In order to make the cross-correlation 
technique more effective for dispersive systems, Ziola and Gorman proposed a phase 
point detection method to determine the arrival times [78]. The idea was to isolate a 
single frequency from each received signal by cross correlating it with a single 
frequency cosine wave modulated by a Gaussian pulse. Actually this method aimed to 
abstract a single flexural Lamb wave from a dispersive system and set up a non-
dispersive system to determine the arrival time. To this extent, it included the concept of 
mode identification. 
 
As suggested above, mode identification, which recognises that the velocities of Lamb 
waves are frequency related, can reduce errors in arrival time estimation. More 
generally, if a wave packet can be divided into components with identifiable frequencies 
and velocities, additional possibilities are opened up for AE analysis. Hence some kind 
of time-frequency domain analysis is needed, and wavelet transforms have now almost 
become an accepted standard tool in determining arrival times for dispersive systems. 
The continuous wavelet transform (WT) of a signal f(t) is [80, 81, 82]: 
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where the superscript * denotes a complex conjugation. The function 
)(1)(, a
bt
a
tba
−
= ψψ   represents wavelet family where every value of a and b forms a 
single wavelet. So the continuous wavelet transform decomposes the signal f(t) into a 
set of wavelets. 
 
Scale a is frequency related and inversely proportional to frequency while translation b 
is time related. By shifting the wavelet in time, i.e. changing the value of b, the signal is 
localised in time, and by shifting the wavelet in scale, i.e. changing the value of a, the 
signal is localised in scale (frequency). Therefore, the wavelet transform provides time 
and frequency information simultaneously, and is often displayed in a two- or three-
dimensional form which maps the signal in the two domains. 
 
The wavelet transform has the advantage over the short time Fourier transform that it 
overcomes the resolution problem [74, 80, 83]. It can not only provide the whole picture 
of a signal, but also detect small local disturbances making it very useful in AE analysis 
[84, 85, 86, 87, 88, 89]. Wavelet coefficients in the time-frequency coordinate can be 
presented as a contour map or as a three-dimensional projection. These plots illustrate 
characteristic features of the signals at a glance [90]. 
 
Gabor wavelets, as a continuous wavelet family, have proven very effective in analysis 
of composite materials and complex structures [91, 92]. Equations (2-23) and (2-24) 
describe the Gabor wavelet function and their Fourier transform, which reveals that 
there is a peak that lies at bt =  and a/0ωω = , i.e. af πω 2/0= , which is a feature 
of Gabor wavelets making them more commonly used than other wavelets. 
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Jeong [91, 92] demonstrated how the Gabor wavelet transform can be used to identify 
arrival times at all frequencies, and a more detailed discussion is given in Appendix A.  
Various methods of studying AE wave propagation in small samples of composite 
material have been discussed by Ding et al [77], who have proposed automatic methods 
to determine the speeds of the various wave modes encountered. Other authors [91, 92, 
93] have studied propagation of AE wave modes in isotropic and non-isotropic plates. 
Jeong [91] and Jeong and Jang [92] have studied a flexural wave mode propagating in a 
graphite/epoxy laminate plate. To verify this flexural mode, two transducers were 
mounted on opposite faces of the plate at the same location. A comparison of the 
response of the two transducers showed that they were out of phrase. The authors 
identified the time of arrival with the maximum magnitude (in time-frequency space) of 
the Gabor wavelet transform of the time series, acquired at two positions on the plates in 
response to a pencil lead break. The time of arrival was then used to calculate the group 
velocity as a function of frequency and good agreement was found with values 
predicted from classical wave theory. They focused on one large amplitude wave mode 
in the experiments, and calculated some dispersion curves showing how the wave speed 
varies with direction in the unidirectional composite plate that they used. Jeong and 
Jang later used the same methodology with a three sensor array to source locate on a 
composite plate. Holford and Carter [93] have identified two wave modes propagating 
in a 12m long steel beam and separated the modes using band-pass filtering below 
100kHz (flexural) and above 100kHz (extensional). They showed that the arrival times 
of either wave mode or the difference in their arrival time could be used to locate 
sources, using one dimensional algorithm. However, using the Continuous Wavelet 
Transform to separate the wave modes can give more accurate and detailed information, 
such as higher order Lamb modes, than using filtering. 
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2.2.3 AE attenuation 
Attenuation [76] is the term used to describe the reduction in the energy of a wave as a 
result of a range of natural processes. The degree of energy attenuation controls how far 
source location can reach, and so knowledge of attenuation in structures is important in 
deciding the pitch of sensors for good coverage of the potential areas of damage. As 
mentioned above, attenuation is also important in determining the accuracy of some 
arrival time estimation methods.  
 
Normally attenuation is due to geometric spreading and absorption by the medium, 
although dispersion is itself a kind of attenuation. Similarly, AE energy can be lost at 
media boundaries (within or on the surface of the structure) and reflections at such 
boundaries can also complicate the identification of attenuation [94]. The most 
significant attenuation due to geometric spreading happens in the near field as the 
wavefront is growing, while absorption or conversion of sound energy into heat is more 
significant in the far field [76, 95]. 
 
For a homogenous isotropic infinite (i.e. no interfaces in the directions of propagation) 
medium, broadly speaking, the geometrical attenuation is inversely proportional to the 
square of distance from the source for body waves (spherical wavefront) and inversely 
proportional to the distance for surface and Lamb waves (cylindrical wavefront). Thus 
the energy  E is related to r, the radius of expansion, as follows: 
 
2
0
4 r
EE
π
= (for spherical wavefront)                                   (2-25) 
r
EE
π2
0=   (for cylindrical wavefront)                                 (2-26) 
                                                                
In practical situations, it is rarely possible to determine the exact attenuation function, 
and many investigators simply work with an absorption equation whereby the energy 
reduces exponentially with the wave propagation distance: 
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)exp(0 kxEE −=                                                      (2-27) 
 
where E is the dynamic wave energy, E0 is the source energy, k is the attenuation 
coefficient, x is the distance from source to sensor in the propagation direction. 
 
Equations (2-25), (2-26) and (2-27) also apply to anisotropic composites, although there 
may be additional effects such as higher material absorption due to the viscoelastic 
nature of the polymer component and internal scattering and reflection at the 
macroscopic phase boundaries, which give rise to the possibility that attenuation may 
also be anisotropic. For absorption attenuation, each component of the composite can be 
assigned its own attenuation coefficient k1, k2, … [76, 95, 96, 97].  
 
2.3   Source characterisation in composites 
The purpose of source characterisation is to use the received AE wave signals to 
identify the sources and to evaluate their significance. There is thus a qualitative (source 
identification) and a quantitative (source intensity or severity) aspect to characterisation 
[1, 76]. The qualitative analysis only gives a general mapping between AE source types 
of composites and features of the received AE signals, where AE source types mainly 
are impact deformation, fibre breakage, matrix cracking and fibre-matrix debonding in 
this thesis. Traditionally, the acoustic emission technique has had to be supplemented by 
calibration with other NDT techniques to obtain the extent or severity of damage, but, in 
recent years, research has brought forward some quantitative analysis techniques based 
on systems theory. In this chapter, qualitative and quantitative aspects of source 
characterisation of composites are discussed.  
 
2.3.1 Qualitative source characterisation 
The purpose of AE source identification is to establish a mapping between source types 
and features of received AE wave signals. Generally speaking, an AE source is any 
event which produces a sufficiently discontinuous local stress change of sufficient 
energy to generate an AE wave of measurable amplitude. The amount of energy release 
depends primarily on the nature of the source, the size and the speed of local 
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deformation process [98], and, in composites, potential sources are impact deformation, 
fibre breakage, fibre-matrix debonding and matrix cracking. Many studies [14-63] have 
been done to discriminate the AE source types qualitatively and it is generally claimed 
that the different AE sources generate different AE waves with different AE features 
either in the time domain or the frequency domain or both. Essentially what is sought is 
the fundamental correlation between the AE source types and some feature of the 
received AE signals. AE parameter analysis, AE frequency analysis and modal AE 
analysis are the most commonly used methods for discriminating the AE source types 
and they are applied with differing degree of success for different applications. 
 
An AE parameter analysis [14-40] extracts AE features from conventional time-based 
parameters such as hits, counts, amplitude, rise time, energy, and event duration, and 
attempts to correlate these with the source types using, for example, pattern recognition 
techniques [99, 100, 101]. Table 2-1 summarises the AE parameters used in work [14-
40] where AE parameter analysis is used, and it can be seen that amplitude analysis and 
energy analysis are widely applied [14-33]. Some authors [18, 19, 22, 29, 32] suggested 
that high amplitude events or high cumulative energy events are associated with fibre 
breakage, while low amplitude events or low cumulative energy events are associated 
with matrix cracking. However, other authors [15, 16, 17, 31] claim that opposite, 
probably because of different materials or specimen configuration. Landis [27] found a 
good correlation between fracture energy and AE energy for mortar specimens, but a 
poorer one for concrete specimens where, the material is much less homogeneous and 
more than one material is involved. Woo [24] observed that AE features associated with 
the same type of crack initiation and crack propagation varied with the different lay-up 
configurations used, which could be due to the orientation of fibres relative to the 
applied stress and/or different propagation paths form source to sensor. Prosser [50] 
found matrix cracking events to be strong in 0 degree layers, while they were weak and 
difficult to detect in 90 degree layers and argued conventional amplitude analysis for 
could therefore be used for differentiating source mechanisms. In addition, multi-
parameter analysis is difficult to find out what source type each ‘cluster’ is associated 
with [36, 37, 38, 39, 40]. 
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Ref  No. AE Parameters Application 
14 Amplitude High amplitude and high frequency: Matrix crack density increase quickly; 
Low amplitude and low frequency: Matrix crack density increases less quickly. 
15 Amplitude High amplitude: Matrix Cracking; 
Low amplitude: Fibre breakage. 
16 Amplitude High amplitude: Matrix Cracking; 
Low amplitude: Fibre breakage. 
17 Amplitude High amplitude: Delamination; 
Low amplitude: Fibre breakage. 
18 Amplitude High amplitude: Fibre Bundle Fracture. 
19 Amplitude High amplitude: Fibre breakage; 
Middle amplitude: Fibre/matrix debonding; 
Low amplitude: Matrix cracking. 
20 Amplitude Number of high amplitude signals: Number of cracks only for the composite 
with thick layers. 
21 Amplitude High amplitude: Cracking expansion; 
Low amplitude: Cracking tips. 
22  Amplitude Medium and high amplitude: Delamination or fibre breakage; 
Low amplitude: Matrix cracking. 
23 Amplitude &  
Duration 
High amplitude and medium duration: fibre/bundle failure;   
Medium amplitude and low duration: Matrix cracking, etc. 
24 Amplitude &  
Event Rate 
 AE features associated with crack initiation and propagation varied with the 
different lay-up configurations.  
25 Amplitude & 
Frequency 
High intensity and High frequency band: fibre breakage; 
Weak AE and low frequency band: matrix cracking. 
26 Amplitude 
distribution 
Peak amplitude distribution used to characterise two types of AE sources:  
lead break source and impactor source. 
27 Energy Good correlation between fracture energy and AE energy for mortar 
specimens, but poor for the concrete specimens. 
28 Energy Change of energy trend: Fatigue failure points. 
29 Energy High energy: Fibre breakage; 
Medium energy: Delamination; 
Low energy: Matrix cracking. 
30 Energy &  
Number of events 
Number of events in good agreement with number of cracks; 
Energy is proportional to the dimension of cracks. 
31 Cumulative 
Energy 
High accumulated AE energy: Matrix and fibre/matrix debonding; 
Low accumulated AE energy: Fibre breakage. 
32 Cumulative 
Energy 
High cumulative energy: Fibre breakage;  
Low cumulative energy: Matrix cracking. 
33 Counts/Duration Small counts/duration: Matrix cracking; 
Big counts/duration: Fibre breakage. 
34 Duration Short duration: Glass fibre. 
35 Waveforms AE signals collected were classified into 9 classes. 
36  Multi-parameters Rise time, counts, energy, duration, amplitude and counts to peak were 
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classified into 2 classes associated with different damage types using 
kohonen’s map. 
37 Multi-parameters Amplitude, duration and energy were used to differentiate various failure 
modes in composites. 
38 Multi-parameters Rise time, ring-down count, energy, event duration and peak amplitude were 
used to set up a model to predict the value of SIF. 
39 Multi-parameters Energy, amplitude, rise time, counts and duration were classified into 3 classes 
using Fuzzy C-means clustering: matrix cracking, fibre/matrix debonding and 
delamination for cross-ply composite; matrix cracking, fibre/matrix debonding 
and fibre breakage for the SMC composite. 
40 Multi-parameters Amplitude, rise angle and reverberation frequency were classified into 4 
classes: matrix cracking, fibre/matrix debonding and fibre pull-out, matrix 
friction and fibre push-in and single fibres and fibre bundles failure using 
unsupervised pattern recognition. 
 
Table 2-1: Summary of work where AE parameter analysis was adopted [14-40].  
 
An AE frequency analysis [41-46] uses a Fast Fourier Transform (FFT) or other 
technique such as a Wavelet Transform (WT) to calculate the frequency spectrum of the 
AE waves. This approach is based on the assumption that different damage phenomena 
will produce AE wave with different frequency contents and the frequency content is 
preserved sufficiently during propagation and transduction to be recoverable in the 
recorded signals.   
 
Frequency as an AE feature is also used in some of the above AE parameter analysis [25, 
40] in Table 2-1, but this is a main frequency or frequency band as part of a broader AE 
parameter analysis, rather than implying any focus on frequency spectra. Table 2-2 
summarises work where there has been just such a focus [41-46].   
 
In contrast to parametric analysis, most frequency analyses seem to agree well with each 
other. They seem to suggest that low frequency events associated with matrix cracking, 
medium frequency events, fibre/matrix debonding and high frequency events, fibre 
breakage or delamination (although some authors suggest that delamination has higher 
frequency components than fibre breakage). The separation between the low, medium 
and high frequency bands varies with the material type. A single-fibre composite was 
used both by Giordano [41] and Calabro [42], hence their similar frequency spectra. 
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Ref  No. Application 
41 Frequency spectrum of 62, 110, 130, 170, 300, 465 and 540kHz: Fibre Breakage 
42 Frequency spectrum of 62, 110, 130, 165, 300, 470kHz: Fibre breakage. 
43 About 100kHz: Matrix cracking; 
250-320kHz: Fibre/matrix debonding;  
About 400kHz: Fibre breakage. 
44 90-180kHz: Matrix cracking; 
240-310kHz: Fibre/maxtix debonding; 
>300kHz: Fibre breakage. 
45 For different composites: 
Low frequency: Matrix Cracking; 
Middle frequency: Fibre pull out;  
High: Fibre/matrix debonding; 
Highest: Fibre breakage.  
46 140kHz: Matrix cracking;  
300kHz: Fibre/matrix debonding;  
405kHz: Fibre breakage. 
 
Table 2-2: Summary of work where AE frequency analysis was adopted [41-46]. 
 
Modal AE analysis of composite plates [47-63] is based on Lamb’s theory that plate 
wave can propagate as extensional modes or flexural modes, and suggests that the 
proportions of each mode vary with the different damage phenomena. For example, it is 
suggested that matrix cracking and fibre fracture result from in-plane strain release 
producing an AE signal with a predominantly extensional mode, while out-of-plane 
strains, which will be released as a result of fibre-matrix debonding or  delamination 
would contain a dominant flexural mode. AE modal analysis usually requires time-
frequency domain processing and the Continuous Wavelet Transform is a useful tool 
with this to do this. Surgeon and Wevers [48] have used the ratio of peak amplitude of 
the extensional to the flexural mode as an AE feature to discriminate damage modes in 
CFRP laminates. They claimed that this method provided easier recognition and 
discrimination of AE damage signals and found a Continuous Wavelet Transform, 
particularly the Gabor Wavelet Transform, to be effective in separating the modes. 
  
The other advantage of Lamb wave is that they suffer little attenuation, hence 
propagating over long distance, depending on the in-plane elastic modulus [47]. This 
makes source location potentially more accurate [61] and/or allows fewer sensors to be 
used for a given application [47]. 
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Reference No. Applications 
47 Source location with one sensor using both extensional and flexural wave speeds. 
48 In tensile tests, fibre breakage is in-plane motion, thus characterised by a large extensional 
mode, fibre/matrix debonding and delamination, out-of-plane, large flexural mode, while 
matrix cracking is in-plane motion, but it could be asymmetric growth about the thickness, and 
thus is characterised by a large extensional mode (symmetric) or a large flexural mode 
(asymmetric). Therefore the ratio of peak amplitude of extensional mode and flexural mode 
can be taken as an AE feature to discriminate the damage modes in CFRP laminates. 
49 For thicker specimens, one to one correspondence between AE crack signals and observed 
cracks found, while for thin specimen (n<2), cracks difficult to detect. 
50 The extensional mode velocities were used to discriminate matrix cracking and noise. 
51 Signals contain large amplitude flexural mode components is delamination, while signals 
contain little flexural mode and low energy, matrix cracking. 
52 AE signals collected are classified into 4 fracture types: fibre fracture, transverse crack; 
delamination and matrix crack, using modal analysis. 
53 Investigation of  the variation of both extensional and flexural mode with source orientation. 
As the angle increases, the extensional mode peak amplitude decreases, while the flexural peak 
amplitude increases except at 60 degree. 
54 The extensional velocity over the range of plate thickness from 3.13 to 12.5mm does not 
change, while the flexural wave is dispersive in accordance with plate wave theory. 
55 Flexural wave velocities predicted by the Mindlin plate theory agree well with experiment 
using simulated AE waves generated by pencil lead breaks on four different graphite/epoxy 
composite plates. Simulated AE waves by pencil lead breaks on a thin-walled composite tube 
were also shown to be interpretable as plate modes. 
56 Report on a study that applies the reassigned energy density spectrum of the short-time Fourier 
transform (STFT) to develop the dispersion curves for multimode Lamb waves propagating in 
an aluminum. 
57 The velocities of the extensional and flexural modes along 0, 45, 90 degree were found to be in 
agreement with classical plate theory in a thin-walled Graphite/Epoxy Tube. 
58 Lamb wave technique used to discriminate damage modes, delamination, transverse ply cracks 
and through-holes for quasi-isotropic graphite/epoxy specimens. 
59 Investigation of the variation of the lamb wave velocity during the fatigue tests, because the 
variation of lamb wave velocity results from the variation of the elastic property during 
damage process. 
60 Investigation of the variation of the lamb wave velocity during the fatigue and thermal tests, 
because the variation of lamb wave velocity results from the variation of the elastic property 
during damage process. 
61 Both the extensional mode and flexural mode were detected and the extensional mode 
contained higher frequency components with larger amplitude than the flexural mode.  
 
By using extensional wave speeds to source location, the location accuracy was improved by 
an order of magnitude than the conventional AE analyzer. 
62 For IM7/8552 composite material: 
200-350KHz (symmetric): matrix cracking between fibers;  
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0.7-1.1MHz (antisymmetric): fibre pullout/fibre-matrix debonding; 
>1.5MHZ (symmetric): fibre bundle break. 
 
For cross-ply hybrid laminate 
The damage process is much more complicated. 
63 Fourteen AE features (Amplitude, Rise time, Duration, Energy, Counts, etc) were classified 
into 6 types of waves associated different damage type (Transverse matrix cracking initiation 
and propagation, fibre/matrix debonding, longitudinal matrix splitting, delamination and fibre 
breakage)  using lamb wave analysis. 
 
Table 2-3: Summary of work where modal AE analysis was adopted [47-63]. 
 
AE parameter analysis, AE frequency analysis and modal AE analysis use different 
features of the signal; time domain processing, frequency domain processing and, for 
modal AE analysis, time-frequency domain processing. AE parameter analysis and AE 
frequency analysis are often used together to discrimination AE source types [48]. 
  
2.3.2 Quantitative source characterisation 
Quantitative source characterisation usually follows on from qualitative source 
characterisation, and further offers a quantitative mapping between source intensity or 
severity and AE wave features. Quantitative source characterisation can be achieved 
using systems theory or by empirical correlation (trending). 
 
According to systems theory, a recorded AE signal is a reflection of a physical event 
and can be described by a series of transfer functions: from source to AE stimulus; 
propagation from source to sensor location (medium); and transduction from sensor 
location to electrical signal; Hs (t), Hm (t), and Ht (t) respectively. The AE signal can thus 
be expressed as the convolution of the three transfer functions in the time domain, 
 
                                    )()()()( tHtHtHtH tmsAE ∗∗=                                             (2-28) 
 
and the product of them in frequency domain, 
 
                                  )()()()( fHfHfHfH tmsAE ⋅⋅=                                           (2-29) 
 
where HAE (f), Hm (f) and Ht (f) are the Fourier transforms of HAE (t), Hm (t) and Ht (t) 
respectively.  
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In equation 2-28, Hm (f) and Ht (f) essentially act as frequency filters, and so HAE (f) is 
the filtered signal of Hs (f). When Hm (f) and Ht (f) are sufficiently broad in frequency 
range, and are known, Hs (t) can be deduced from HAE (t) using inverse processing or 
deconvolution analysis. 
 
The function Hm (t) can be described using a Green's function that is a response of a 
medium to a delta function or a step function source in time and space. Here delta 
function or a step function can be regarded as an idealised source. Some studies [102, 
103, 104, 105] have been done on how to obtain the Green’s function for various types 
of source. For an ideal elastic medium with simple geometry the transfer functions can 
be obtained by using the generalized ray method and numerically calculated through a 
Fourier inversion method. For a non-ideal medium the transfer functions can be 
obtained experimentally by using well-defined sources and sensors [106]. 
 
A typical example of the application of quantitative analysis is to characterise impact 
sources by calculating the associated contact time and contact force. For example, 
Buttle and Scruby [104] have investigated the impact of small bronze sphere (53-63µm) 
and small glass sphere (75-90µm) dropping onto steel and aluminium target plates at 
low velocities (2.5 to 7.1 m/s). They calculated the Green's function of the plates and 
derived the impact force function from the AE signals by deconvolution analysis. Both 
the impact times and peak impact forces deduced agreed well with theoretical models 
and the particle diameters could be determined from the AE signals, thus showing  that 
the quantitative acoustic emission technique is capable of sizing the particles.  
 
However, two disadvantages restrict the use of quantitative source characterisation 
based on system theory. One is that the use of deconvolution analysis is inherently 
unstable and highly sensitive to noise, and the other is the lack of theoretical estimates 
of Hm for various relevant specimen shapes [105].  
 
Instead of using system’s theory, quantitative source characterisation can be achieved 
empirically with changing experimental conditions. For instance, different size 
impactors made from different materials might used to produce different AE sources 
and hence different Hs (t) while the remaining transfer functions can be held constant by 
using the same sensor and medium. The variation of recorded AE signals then reflects 
the variation of Hs (t) quantitatively.  
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2.4  Applications and areas for development 
Chapters 2.2 and 2.3 summarise the state of knowledge of AE wave speed 
determination and AE source characterisation. The work here will focus on the practical 
application of source location, detection and identification in large panels of a carbon 
fibre reinforced epoxy, typical of an aerospace or advanced transportation structure. The 
work will be structured around three topics; wave propagation and source location, 
impact events, and damage mechanisms. 
 
2.4.1 Wave propagation and source location 
For the specific composite material used in this thesis, the Gabor Wavelet Transform is 
expected to be useful for wave speed determination, because it has proven very effective 
in analysis of composite materials and complex structures. Although a variety of AE 
sources will be excited, what is seen by the sensor depends strongly on not only the 
nature of the material and the source characteristics such as different damage types and 
dropped object modulus and energy, but also on the structure itself. Lamb wave are 
expected to be the dominant mode of propagation because the application is plate-like, 
opening up the possibility modal AE analysis to discriminate the AE source types. In 
this work, the propagation of AE in a composite panel will be investigated using sensor 
arrays and a standard source. The result will be examined for the time-frequency 
structure of the propagating waves, identifying how the group velocities vary with 
direction, all aimed at assessing the best methods for source location. 
 
2.4.2  Low speed impact source characterisation 
Carbon fibre reinforced composites (CFRCs) have a number of desirable properties, 
such as high strength, low weight, and good tolerance to defects making them widely 
used in the aircraft industry. However, they may suffer significant damage when 
subjected to localised dynamic surface loads, even when the impact is at low speed 
[107], so it is of interest to study dynamic impacts on CFRCs. Impact deformation 
releases stress wave that propagates in the impacting bodies [108], so acoustic emission 
is valid for investigating impact history. 
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A typical impact history of a ball drop is shown in Figure 2-4 [109], exhibiting a 
compression phase and a restitution phase. The quantity Fc represents the peak contact 
force, tc the recoil time from compression to restitution and tf the total contact time. 
Peak contact force and contact time are most important parameters in impacts. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-4: The contact force history  
(diagram extracted from [109]) 
 
 
Buttle and Scruby [104] derived the contact force function to be: 
                                  25/2
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where F is the peak contact force, R is the particle radius, E1, E2, υ1 and υ2 are Young’s 
modulus and Poisson’s ratio of the particle and the impacted target, respectively, and ρ 
and v are the density and the impacting velocity of the particle. According to this 
equation, the peak contact force is proportional to the square of ball diameter, so the 
particles can be sized if the peak contact force can be measured. 
 
Knigge and Talke [110, 111] have studied the contact force occurring at the head/disk 
interface of a computer hard drive. They used a ball drop method and laser Doppler 
vibrometer to calibrate the AE sensor and establish the transfer function from input 
impact force to the measured AE output, and observed that the peak contact force and 
the contact time varied with ball size and drop height.  
 
Rather than setting out to deduce the contact force function as the above authors have 
done, Hirajima et al [112] have taken more of a pattern recognition approach based with 
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their experiments where balls made from nylon, high carbon chromium bearing steel 
and glass were dropped from heights of 30, 50, 70, 90cm onto a circular steel plate of 
diameter 34.0cm and thickness 3.16cm. The dropped objects diameters were 2.00, 3.95, 
6.00, 8.80 and 11.10mm for the nylon, 1.65, 2.45, 4.00 and 11.15mm for the bearing 
steel and 4.00, 6.35 and 9.55mm for the glass. They sought the correlation between 
features of the measured AE signals ─ the initial peak height ( 1P ) and the peak 
frequency ( pf ), where
f
p t
f
×
=
4
1 , shown in Figure 2-5, and the experimental 
parameters ─ particle velocity (ν ), particle diameter (D), and Young's modulus ( pE ), 
Poisson's ratio ( pµ ) and density ( pρ ) of the balls. The correlation was expressed 
quantitatively and empirically in the following two equations,  
 
                        353.0738.0372.027.149.211 1099.7 pppEDP ρµν ××××××=
−                      (2-31) 
                      0180.011.10522.0120.0945.021011.1 −−−− ××××××= pppp EDf ρµν                (2-32) 
 
so that the initial peak height increased with particle diameter, whereas the peak 
frequency decreased with increasing particle diameter. Some frequencies were observed 
at less than 20kHz which is normally considered to be the lowest frequency of acoustic 
emission, and it is possible that these authors had observed some whole body dynamics 
as well as AE.   
 
 
 
 
 
 
 
 
Figure 2-5: A typical waveform obtained with 11.15mm of high carbon chromium bearing steel particles  
(diagram extracted from [112]) 
 
How impact deformation develops and how acoustic emission is produced are not 
currently well understood for impacts on a CFRC plate. The likely issues arise because 
CFRC is heterogenous and anisotropic and, depending upon the degree of deformation,  
30 
 
viscoelastic. In the current work, these issues will be addressed by carrying out a series 
of experiments with low-speed impacts and subjecting the results to time-frequency 
analysis.  
 
2.4.3 Destructive damage source characterisation 
Here destructive damage sources refer to fibre breakage, matrix cracking and fibre-
matrix debonding. Modal AE analysis and conventional analysis, such as AE parameter 
analysis and AE frequency analysis, are widely used. For the specific composite sample 
in this thesis, modal AE analysis is expected to be useful for discriminating the AE 
source types, because the samples are plate-like and thus lamb waves are expected to be 
excited. The sources will be generated using a series of different tests types, aimed at 
producing realistic damage patterns, the focus being on detecting destructive damage 
and its possible isolation from impact damage using a combination of modal analysis, 
source location and other source characterisation techniques. 
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Chapter 3:    Experimental Apparatus and Procedures 
 
This chapter describes the equipment used to make the measurements and the 
experimental procedures carried as part of the research. As identified in Chapter 2, the 
work was focused first onto a series of propagation experiments aimed at understanding 
how AE from a simulated source is propagated in a CFRC plate. Next, a set of tests were 
carried out where a series of spheres were dropped onto the surface of a plate to simulate 
low velocity impacts of the kind which might be experienced in real structures. Finally, a 
set of destructive tests were carried out where the samples were stressed to failure with a 
range of different geometries of loading. A common set of AE monitoring equipment was 
used for all of the tests and this is described first. 
 
3.1  AE sensors and data acquisition system 
The monitoring system consists of AE sensors, couplant, preamplifiers, signal 
conditioning units, data acquisition card and computer as shown in Figure 3-1, where the 
signal conditioning unit was used to amplify or attenuate the received signals.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1: AE experiment system constitution. 
 
 
 
Specimen 
Pre-amplifiers 
Signal Conditioning 
Sensors 
Data Acquisition Card 
Computer 
Couplant 
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Figure 3-2: Data flow diagram. 
 
Figure 3-2 shows a schematic information flow diagram, starting with the generation of 
AE waves within or on the surface of the specimen which are converted to measurable 
electrical analogue signals by sensors. The surface elevation under the sensor due to 
propagating AE is very small (of the order nm) and, in many applications, is 
accompanied by much higher amplitude, low frequency whole body movements 
(vibration). The sensor, however, responds strongly at very high frequencies (0.1 to 
1MHz) where there is little or no vibration noise. The analogue signals produced at the 
sensors are amplified (40dB or 60dB) and filtered (0.1 to 1 MHz) to produce the raw AE 
signal, followed, in some cases by averaging and further amplification/attenuation to 
produce rms AE records. The amplified and filtered analogue signals are then converted 
into digital signals by a data acquisition card, in order that they can be stored and analysed 
on the computer.  
 
A typical AE experiment using the system is shown schematically in Figure 3-3, where 
the specimen is a composite plate. Four sensors were attached to the specimen with a 
vacuum grease couplant, the sensor nearest the source being used as a trigger to measure 
the wave disturbance over time synchronously at the four positions. Thus the arrival time 
of a discontinuous signal can be determined at each point and the arrival time difference 
reveals the speed at which the wave is propagating in the composite. Four preamplifiers, a 
4-channel signal conditioning unit and a 4-channel data acquisition card were used to 
transfer the received signals from sensors to a computer for further analysis.  
AE wave generation 
Pre-Amplification and filtering of analogue signals 
Amplification or attenuation of analogue signals 
Conversion of AE waves into measurable electrical analogue signals 
Conversion of analogue signals into digital signals 
Signal storage, analysis and presentation using computer 
AE wave propagation to sensors 
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Figure 3-3: A typical AE experimental set-up. 
 
3.1.1 Sensors 
An AE sensor is a device that converts a small (a few nm), high frequency (a few hundred 
kHz) mechanical displacement into a measurable electrical voltage signal. Piezo-electric 
sensors have proven to be the most appropriate AE sensors for all types of AE testing 
since they are robust, relatively inexpensive and extremely sensitive, provided that their 
main drawbacks, that they do not have a flat frequency response and need to be surface 
mounted, can be tolerated. The AE sensors used in this work were piezo-electric sensors, 
Miniature Micro 80D from Physical Acoustics Corporation, with a stainless steel casing 
and a ceramic wear plate. The sensors were cylindrical, of diameter 10mm and height 
12mm, and weighted 5g. Their operating temperature is from –65 to +177ºC. The sensor 
frequency response in Figure 3-4 shows that the sensor is sensitive in the frequency range 
from 100 to 1000kHz, where there is least likelihood of noise from non-AE vibrations, 
and are specifically suitable for acoustic emission. The main resonant frequency of this 
type of sensor is around 325kHz. During tests, the sensors were held firmly onto the 
specimen using vacuum grease as a couplant and specific tests were carried out for 
repeatability of sensor placement. 
 
 
 
 
 
 
 
4 pre-amplifiers 
4-channel signal conditioning 
Lead break 
4-channel DAQ 
Computer 
Composite specimen 
S1 S2 S4 S3 
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Figure 3-4: Frequency response of a Miniature Micro 80D sensor. 
 
3.1.2 Preamplifier and signal conditioning 
The preamplifiers, Physical Acoustics Corporation Type 1220A, have two optional 
inputs, “single” and “differential”, selected using a switch and one output for both power 
and signal, see Figure 3-5. Its working voltage is 28V and this was supplied from an 
in-house PSU. The optional gains are 40dB and 60dB and the amplifier has an integral 
analogue bandpass filter from 0.1MHz to 1MHz. The “differential” input was selected in 
all experiments in this work, but the selection of gain depended on the strength of the 
received signals. 
 
 
 
 
 
 
 
 
 
 
Figure 3-5: Preamplifier. 
 
General purpose of AE signal conditioning units (see Figure 3-6), capable of amplifying 
or attenuating, and/or analogue averaging of the signals prior to acquisition were used in 
this work. The units were mostly employed only to amplify or attenuate the signals from 
the preamplifiers without averaging, so that the raw (full bandwidth) signal from the 
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(a) 
(b) 
preamplifier could be acquired through the DAQ. The signal conditioning units had gain 
options of: +6dB, 0dB, -6dB, -12dB, -18dB, -24dB, -30dB, -36dB, -42dB and -48dB. 
 
 
 
 
 
 
Figure 3-6: Signal conditioning unit front panel. 
 
3.1.3 DAQ system 
The data acquisition system was used to digitise the analogue signal for storage, analysis 
and presentation on a personal computer. It consisted of the DAQ hardware, driver and 
application software. The DAQ hardware consisted of an analogue signal input box and 
DAQ card, shown in Figure 3-7. The card used was a PCI-6115 4-channel device made 
by National Instruments and the application software was Labview 6.1. The amplified AE 
signals were fed into the input box and data could be sampled at a maximum rate of 10M 
samples/sec. 
 
The advantage of the 4-channel DAQ was that 4 channels could be triggered 
simultaneously, which gives synchronous data for investigating wave speed, wave 
attenuation with distance, and damage modes.  
 
 
 
 
 
 
 
 
 
Figure 3-7: DAQ card (a) and input box (b). 
 
 
A customer application programme was written in Labview with input information 
through the GUI included trigger sensor identification, trigger level, number of sensors, 
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B 
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number of DAQ cards, sample rate, number of data points to be collected in a file, 
number of files, and names of files. 
 
3.1.4 Computer 
A Pentium-IV 2.4GHz computer with 512MB memory was used to store and analyse the 
AE signals and present the results.  
 
3.1.5 Specimens 
The material used was carbon fibre reinforced epoxy laminate comprising 17 woven plies 
of 280 gsm 4×4 twill T300 (3k), in a 0°/90° configuration impregnated with 42% resin. 
Four different sizes of specimen were used in the experiments, and these are shown in 
Figure 3-8. All specimens were 5mm thick, and the largest was a square (1m×1m) plate, 
the remaining specimens being of various shapes for the destructive tests. The square 
plate was used for investigating the basic characteristics of AE propagation such as wave 
speed and energy attenuation, because it was large enough to minimise the effects of 
reflection making AE signals clearer for interpretation. The square plate was also used 
on low speed impact tests. 
 
A steel block with diameter of 30.6cm and height of 16.6cm was used for comparison, 
shown in Figure 3-9. 
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(a)  
 
 
 
 
 
 
(b)                                       (c)  
 
 
 
 
(d) 
 
Figure 3-8: Composite specimens used in the experiments (dimensions in mm). (a) Composite plate 
(1m×1m); (b) Tensile test specimen without notch; (c) Compact tension notched specimen; (d) Bend 
test specimen without notch. 
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D = 0.306 m 
0.166 m 
 
 
 
 
 
 
 
Figure 3-9: Steel block used for comparison. 
 
3.2  Experiments 
The overall aim of the work was to develop an understanding of how real sources of AE 
on extensive composite plates (such as the skins of aircraft, water craft, trains and road 
vehicles) can be identified and their contribution to damage accumulated using a fixed 
array of sensors. The experiments were accordingly carried out with three distinct 
objectives in view: 
 to determine the propagation characteristics of simulated instantaneous point 
sources using four sensors array on a large plate.  
 to use a real source of variable intensity and finite time of application (dropped 
object) to assess the degree to which different source characteristics can be 
discerned using a sensor array on a large plate. 
 to generate real damage signals (by destructive testing) and evaluate the extent to 
which these can be distinguished in a continuous process of rupture. 
 
Thus, three types of sources were used: “standard” pencil lead breaks, low speed impacts 
and fibre and matrix cracking during failure. Pencil lead break sources were used to study 
the wave propagation on composite specimens in order to assess repeatability of sensor 
placement, to determine wave speed and energy attenuation, and to demonstrate source 
location. Low speed impact sources were used to investigate the response of a composite 
to sources which are distributed in time and have a range of known incident energy. 
Destructive sources were generated using tensile tests, crack extension tests and 
three-point bending tests, where the three main damage modes, matrix cracking, fibre 
breakage and fibre-matrix debonding, were induced. 
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3.2.1 Pencil lead break tests 
Studies of wave propagation were carried out on the composite specimen as shown in 
Figure 3-8(a) and described in Section 3.1.5.  
 
On the large sheet, five types of experiments were carried out respectively:  
 for the determination of wave speed  
 for the identification of wave mode  
 for the determination of wave attenuation 
 for the assessment of repeatability  
 for validating source location  
 
The simulated source was, in all cases, a 2H, 0.5mm pencil lead break, and the sensors 
were coupled to the surface or the bottom surface of the plate using vacuum grease. As 
mentioned above, ‘broadband’ AE sensors were used, and the output was pre-amplified 
using the PAC1120A amplifier and analogue band-pass filtered between 0.1 and 1MHz. 
Raw AE was acquired at a sampling rate of 5MHz using the 4-channel acquisition system. 
The actual measurement set-up is shown in Figure 3-10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-10: Measurement setup for pencil lead break tests on the large plate. 
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a) Measurement of wave speed 
These tests comprised the main set on which the propagation characteristics of a simple 
simulated source were determined at a range of source-sensor distances and at a range of 
angles with respect to the two directions of composite weave. Because composites are not 
isotropic, variations in wave speed might be anticipated with angle of propagation. 
 
For the measurement of wave speed, a simulated source was applied on the top surface of 
the specimen. The source and four sensors S1, S2, S3 and S4 were positioned along a line 
with angle varying from 0 o to 360 o to one of the principal directions of the fibres (the x 
direction in Figure 3-8). Each source position is specified using polar coordinates in 
Figure 3-11 and Table 3-1, where the pole is at the centre of the specimen. In Figure 
3-11, each point represents a source position and the relative label (from 10 to 360) 
indicates the direction where wave speed measured. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-11: Source positions in a polar coordinates. 
 
 
Sensor S1 was placed closest to the source, and the other sensors were placed as shown 
in Table 3-1, where “Source-S1”, “Source-S2”, “Source-S3” and “Source-S4” refer to 
the distances between the relative source and sensors S1, S2, S3 and S4, and “angle” the 
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direction from the relative source to the sensors. Ten signals resulting from pencil lead 
breaks on the surface of the specimen were acquired with each array set-up. 
 
 
Source Position to the Polar 
Sensor Positions to the relative Sources 
Angle 
(degree) 
Source-Sensor distances 
Angle (degree) Radius (m) Source-S1 (m) Source-S2 (m) Source-S3 (m) Source-S4 (m) 
180 0.4000  360  0.1000  0.3000  0.5000  0.7000  
190 0.4060  10  0.1015  0.3046  0.5077  0.7108  
200 0.3192  20  0.1064  0.2128  0.4256  0.5320  
210 0.3465  30  0.1155  0.2310  0.3465  0.4620  
220 0.3915  40  0.1305  0.2610  0.3916  0.5220  
230 0.4668  50  0.1556  0.3112  0.4668  0.5973  
240 0.3465  60  0.1155  0.2310  0.3465  0.4620  
250 0.3192  70  0.1064  0.2128  0.3192  0.4246  
260 0.3045  80  0.1015  0.2030  0.3045  0.4060  
270 0.4000  90  0.1000  0.3000  0.5000  0.7000  
280 0.4060  100  0.1015  0.3046  0.5077  0.7108  
290 0.4256  110  0.1064  0.3192  0.5320  0.7448  
300 0.3465  120  0.1155  0.2310  0.4620  0.5775  
310 0.3915  130  0.1305  0.2610  0.5220  0.6525  
320 0.4668  140  0.1556  0.3112  0.4668  0.6224  
330 0.3465  150  0.1155  0.2310  0.3465  0.4620  
340 0.3192  160  0.1064  0.2128  0.3192  0.4256  
350 0.3045  170  0.1015  0.2030  0.3045  0.4060  
360 0.4000  180  0.1000  0.3000  0.5000  0.7000  
10 0.4060  190  0.1015  0.3046  0.5077  0.7108  
20 0.3192  200  0.1064  0.2128  0.4256  0.5320  
30 0.2310  210  0.1155  0.2310  0.3465  0.4620  
40 0.2610  220  0.1305  0.2610  0.3916  0.5216  
50 0.3112  230  0.1556  0.3112  0.4668  0.5973  
60 0.2310  240  0.1155  0.2310  0.3465  0.4620  
70 0.2128  250  0.1064  0.2128  0.3192  0.4246  
80 0.2030  260  0.1015  0.2030  0.3045  0.4060  
90 0.4000  270  0.1000  0.3000  0.5000  0.7000  
100 0.4060  280  0.1015  0.3046  0.5077  0.7108  
110 0.4256  290  0.1064  0.3192  0.5320  0.7448  
120 0.3465  300  0.1155  0.2310  0.4620  0.5775  
130 0.3915  310  0.1305  0.2610  0.5220  0.6525  
140 0.3112  320  0.1556  0.3112  0.4668  0.6224  
150 0.2310  330  0.1155  0.2310  0.3465  0.4620  
160 0.2128  340  0.1064  0.2128  0.3192  0.4256  
170 0.2030  350  0.1015  0.2030  0.3045  0.4060  
  
Table 3-1: Positions of sources and sensors for wave speed test. 
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Source  
b) Identification of wave mode 
The thickness (5mm) of the composite specimen is far less than its length (1m) and its 
width (1m), and so the AE waves generated on it are expected to be Lamb waves 
consisting of both extensional modes and flexural modes. To investigate this, two sensors 
were placed, respectively, at the centre of the top surface and the bottom surface of the 
composite specimen (1m×1m) shown in Figure 3-12, where the distances from each 
sensor to each edge of the specimen were 500mm. Five tests were carried out with pencil 
lead breaks on the edge of the specimen. 
 
 
 
 
 
Figure 3-12: A two-sensor set-up for wave mode identification. 
 
 
c) Repeatability tests. 
The purpose of these tests was to assess the repeatability of the pencil lead break source 
and of the sensor placement and coupling. To this end, a two-sensor set up was used with 
sensor S1 positioned at 0.1m from the source, as shown in Figure 3-13, and sensor S2 
positioned at around 0.3m from the source along a line parallel to one of the directions of 
the carbon fibres (the x-direction). Sensor 1 was kept throughout fixed and sensor 2 was 
removed and replaced as described below. The six tests carried out were: 
Test 1: A total of 50 pencil lead breaks recorded with S2 at about 0.3m from the source. 
Test 2: Repeat of Test 1 after removal and replacement of sensor S2. 
Test 3: Second repeat of Test 1, after removal and replacement of sensor S2.  
Test 4: Repeat of Test 1 after removal and replacement of sensor S2 at about 5mm closer 
to the source. 
Test 5: Repeat of Test 1 after removal and replacement of sensor S2 at about 5mm further 
from the source. 
Test 6: Third repeat of Test 1, after removal and replacement of sensor S2, again at about 
0.3m from the source. 
 
S1 
S2 
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(a) 
 
 
 
 
(b) 
 
Figure 3-13: Repeatability test sensor positions. (a) Front view; (b) Side view. 
 
 
These tests provided a statistical baseline against which any effects of sensor position 
could be assessed. 
 
d) Measurement of Wave attenuation 
The degree of wave attenuation controls how far source location can reach, and so a 
knowledge of attenuation in structures is important in deciding the pitch of sensors for 
good coverage of the potential areas of damage. For the measurement of wave attenuation, 
a simulated source (pencil lead break) was applied at the centre of the  top surface of the 
large composite plate (1m×1m). An array of four sensors was positioned along the 
chosen line with sensor S1 positioned close to the source and sensors S2, S3 and S4 at 
0.1, 0.2 and 0.3m from the S1, respectively, the whole array being rotated through a 
range of angles from 0 o to 360 o to one of the principal directions of the fibres (the x 
direction in Figure 3-8). Signals were acquired at each sensor in the array simultaneously 
and each set-up was repeated 10 times without moving the sensors. The 4-sensor array 
was rotated in steps of 10o, round the source up to 360o, giving a total of 35 array 
configurations. 
0.1m 0.2m 
S2 S1 
S2 
0.5m 0.5m 
0.5m 0.5m 
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e) Source location 
Typically, planar source location in two-dimension uses a triangular sensor array to 
determine the location using the intersection of two-hyperbolae. Therefore, to test the 
capability of the results from the foregoing sections, three sensors (S1, S2 and S3) were 
located at positions (0, 0), (0.3, 0) and (0, 0.3), respectively, as shown in Figure 3-14. A 
total of 10 source positions were chosen and they were (0.5, 0.1), (0.3, 0.4), (0.1, 0.5), 
(0.3, -0.1), (0.1, 0.1), (0.3, 0.3), (0.1, 0.4), (0, 0.1), (-0.1, 0.2) and (0.1, -0.2) marked with 
red asterisks. AE from pencil lead breaks was acquired for each source position, and the 
test repeated 5 times for each source position. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-14: Source location trail sensor array and source positions. 
 
 
3.2.2 Impact tests 
The purpose of the impact tests was to understand the relationship between sources which 
have a finite temporal and, to a degree spatial, extent, and features of the AE signals. 
Impact tests were carried out on a steel block and on the composite plate using a variety of 
sizes of steel spheres and different drop heights. Impact on the steel block was expected 
to be easier to understand due to the homogenous and isotropic nature of the block and 
also because of its very high bending stiffness. Thus, changes were expected in the 
composite plate due to its heterogeneous and anisotropic nature and also due to its 
relatively low bending stiffness. 
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The composite plate was square, 1m×1m×5mm, as shown in Figure 3-8(a) and the steel 
block (shown in Figure 3-9) was a cylinder of diameter 0.306m and height 0.166m. The 
impact particles were three spherical steel balls, whose diameters and masses are listed in 
Table 3-2. The impact steel balls were all dropped vertically onto the target surface 
through a plastic funnel mounted in a frame, as illustrated schematically in Figure 3-15, 
so that the impact was kept close to orthogonal to the surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-15: Frame and funnel for the impact tests. 
 
 
The horizontal bar of the frame was moveable from 0° to 360° around the vertical bar and 
the ring used to fix the funnel could be moved along the horizontal bar. Once the position 
of the funnel was fixed, the point of impact of the dropping balls was fixed. 
 
 Ball 1 Ball 2 Ball 3 
Diameter 3.969 mm 6.350 mm 7.937 mm 
Mass 0.259g 1.05g 2.05g 
 
Table 3-2: Diameters and masses of the three impacting balls. 
 
A single broadband AE sensor, was stuck to the surface of the specimen using a vacuum 
grease couplant as described earlier. The signals were pre-amplified using either the 
+40dB or +60dB setting amplification, band-pass filtered between 0.1 and 1MHz, and 
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data were acquired at a sampling rate of 5MHz using the 4-channel acquisition system as 
before. 
 
a) Impact tests on the steel block 
Two types of experiments were carried out for testing the effect of drop height and 
source-sensor distance on the AE wave generated. The first, Set-up 1 was designed to 
examine the effect of source-sensor distance when drop height was invariable and Set-up 
2 concerned the effect of drop height when source-sensor distance stays constant. In both 
set-ups the AE sensor was fixed centrally on the surface of the specimen. In Set-up 1, the 
balls were dropped so that they landed at 1.5cm, 3cm, 5cm and 7.5cm away from the AE 
sensor with drop height being 4cm above the surface. In Set-up-2, the balls were dropped 
at 7.5cm away from the sensor and the drop height was varied among 4cm, 5cm, 10cm 
and 14cm. Five repeat tests were carried out with each configuration of each set-up. 
Table 3-3 lists the drop heights and source-sensor distances used for the two set-ups. 
 
 
 Drop height Source-sensor distance 
Set-up 1 4cm 1.5cm, 3cm, 5cm, 7.5cm 
Set-up 2 4cm, 5cm, 10cm, 14cm 7.5cm 
 
Table 3-3: Impact test configurations on the steel block. 
 
b) Impact tests on the composite plate 
To accommodate the anisotropic properties of the composite plate, four types of 
experiments were carried out for testing, respectively, the effects of drop height, 
source-sensor distance, anisotropy (angle of wave propagation) and impact surface on the 
AE recorded at the sensor. Set-up 3 was designed to test the effect of source-sensor 
distance along one of the principal fibre directions (0º), when drop height was invariable. 
whereas Set-up 4 tested the effect of drop height when source-sensor distance along the 
principle fibre direction was kept constant. Set-up 5 was designed to test the effect of 
anisotropy on AE wave generated, where anisotropy was represented by angle of wave 
propagation, when drop height and source-sensor distance both kept invariable, while 
Set-up 6 tested the effect of placing sensors on the opposite surface to the impact. The 
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experimental configurations are summarised in Table 3-4. Five drops were carried out for 
each ball for each configuration. 
 
For Set-up 3 and Set-up 4, a single AE sensor was attached centrally on the top surface. 
For Set-up 3 the impact point was moved so that the source sensor distance along 0° 
varied between 3.5cm, 5cm, 8.5cm and 10cm, while the drop height was kept at 4cm. In 
Set-up 4, the balls were made to land 5cm away from the sensor along 0°, while the drop 
height was varied among 5cm, 10cm, 14cm and 19cm. In set-up 5, the balls made to land 
in the centre of the surface and the sensor was placed 5cm away from the source along an 
angle of 0°, 20°, 40°, 60°, 80° to 90° respectively, to the fibre direction, while the drop 
height kept 4cm. In Set-up 6, the source was still placed in the centre of the plate and the 
drop height still kept 4cm, but the sensor was placed in the centre of the bottom surface, 
i.e. right under the impact source. Tests for each configuration above were repeated 5 
times.  
 
Set-up 7 and Set-up 8 were carried out for tentative wave speed determination, shown in 
Table 3-5, where the ball also made to land in the centre of the surface and 4 sensors were 
placed 10, 20, 30 and 40cm, and 14.14, 28.28, 42.42 and 56.56cm away from the source 
on the surface, along 0º and 45º , respectively. Tests of each configuration were repeated 
10 times. 
 
 Sensor Position Drop height Source-sensor distance 
Set-up 3 Centre of the surface 4cm 3.5cm, 5cm, 8.5cm, 10cm along 0° 
Set-up 4 Centre of the surface 5cm, 10cm, 
14cm, 19cm 
5cm along 0° 
Set-up 5 5cm away from centre (source) 
along 0°, 20°, 40°, 60°, 80° and 
90° respectively 
4cm 5cm 
 
Set-up 6 Centre of the bottom surface 4cm 5mm through the thickness of the plate 
 
Table 3-4: Impact test configurations on the composite plate. 
 
 
 
Table 3-5: Impact test configurations for tentative wave speed determination. 
 
 
 Sensor Position Drop height Source-sensor distance 
Set-up 7 10, 20, 30 and 40cm away from centre 
(source) along 0º 
4cm 10, 20, 30 and 40cm 
Set-up 8 14.14, 28.28, 42.42 and 56.56cm 
away from centre (source) along 45º 
4cm 14.14, 28.28, 42.42 and 56.56cm 
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3.2.3 Destructive tests 
The objective of the destructive tests was to assess how the main damage sources in 
composites: matrix cracking, fibre breakage and fibre/matrix de-bonding were 
manifested in the features of received AE signals. Tensile, tearing and three-point 
bending tests were used to induce the damage sources. Schematic diagrams of these tests 
are given in Figures 3-16, 3-17 and 3-18, respectively, and sensors were placed 
symmetrically about the midline of the specimens as shown. On the un-notched tensile 
test piece, three sensors S1, S2 and S4 were placed 180mm, 270mm and 300mm away 
from the left edge of the specimen to collect the AE, while channel 3 of the AE 
acquisition system was connected to the tensional testing machine to record the force 
history. In the notched tearing tests sensors S1 and S2 were placed at 10mm from the 
edges shown in Figure 3-17. In the three-point bending tests the distance between the two 
supports was 210mm, and the four sensors S1 to S4 were placed so that the distances 
between them were 30mm, 90mm and 65mm as shown in Figure 3-18. In both tearing 
and tensile tests, each force history was recorded automatically by the relevant machine. 
The sampling rate was 5MHz for all the tests, and S1 was used as the trigger sensor. 
 
 
 
 
 
                      150      30      90      30        151 
 
Figure 3-16: Sensor configuration for the un-notched tensile test (dimensions in mm). 
 
 
 
 
 
 
 
Figure 3-17: Sensor configuration for the notched tearing test (dimensions in mm). 
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(b) 
 
Figure 3-18: Sensor configuration for the three-point bending test (dimensions in mm). (a) Side 
elevation; (b) Plan view. 
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Chapter 4    Analysis of tests using simulated sources 
 
This chapter is concerned with a study of the speeds and attenuation properties of 
Acoustic Emission waves propagating through a Carbon Fibre Reinforced Composite 
with a view to assessing the likely time and frequency distortion of real sources. 
Threshold crossing techniques and the Gabor Wavelet Transform are used to identify two 
main wave modes1
 
: a high-frequency, fast extensional wave and a low-frequency, slow 
flexural wave. Identification of the arrival times of these two waves at sensors in an array 
has made it possible to locate simulated sources to an accuracy of around 70% using the 
extensional wave and around 95% using the flexural wave. The repeatability of the 
acquired signals is good in relation to arrival time, but shows a large variation in relation 
to signal amplitude.  
 
4.1  Identification of wave modes 
Typical measured raw AE wave time series acquired simultaneously at 4 sensors 
positioned 100mm, 300mm, 500mm and 700mm along a line parallel to the fibres from a 
simulated source on the surface of the composite specimen are shown in Figure 4-1. 
Obviously, there is a different arrival time at each sensor resulting from the different 
source-sensor distances. Figure 4-2 shows the corresponding time-frequency contour 
plots using a Gabor Wavelet Transform, where the “scale” is related to the frequency 
(sample rate/ frequency). Two main wave modes, separated roughly by the red lines, can 
be seen in each: a high frequency, fast wave below the lines and a low frequency, slow 
wave above. The fast wave has two dominant frequencies around 333kHz and 167kHz 
(scale = 15 and scale = 30 respectively) and the slow wave is centred around 125kHz 
                                                 
1 The term “mode” is used here to describe an identifiable component of the AE signal which has a range of 
frequency (as recorded by the sensors) and an identifiable group velocity. 
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(scale = 40) approximately. The highest frequency, 333kHz, appears much stronger than 
the other two frequencies in each contour plot because it is magnified due to its proximity 
to the resonant frequency of the sensors, 325kHz. The frequency of 167kHz has the 
smallest amplitude being barely visible closest to the source (Figure 4-2(a)), but with 
increasing relative amplitude with propagation distance, due to dispersion and varying 
attenuation with frequency. Equally, the relative amplitude of the slow wave diminishes 
with propagation distance. 
 
 
 
 
                                                                   S4 
                                                                   S3 
                                      
                                      
                                      
                                                                   S2 
 
                                                                   S1 
 
 
 
Figure 4-1: Typical measured raw AE signals acquired at 4 sensors positioned along a line parallel to 
the fibres 
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(d) 
 
Figure 4-2: Gabor Wavelet Transform contour plots for the raw AE signals in Figure 4-1, where 
scale = sample rate / frequency. The red lines are used to indicate the two wave types. (a) Sensor 1; (b) 
Sensor 2, (c) Sensor 3, (d) Sensor 4.  
 (c) 
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Figure 4-3 shows the waveforms and their associated Gabor Wavelet Transforms 
collected at Sensors 1 and 2 in the wave mode tests (Section 3.2.1b), when the source was 
on the edge of the plate (Chapter 3.2.1(b)). According to Lamb’s wave theory 
extensional modes are stimulated by in-plane impulses, and so the signals in Figure 4-3 
can be attributed to extensional waves. These signals contain two high frequency 
components at around 333kHz and 167kHz, which suggests that the strong, lowest 
frequency component (125kHz) observed in Figure 4-2 is associated with a flexural 
mode. However, the ratio of the 167kHz to the 333kHz peaks in Figure 4-2 is opposite 
to that in Figure 4-3. This must mean that the surface stimulus produces a different ratio 
of extensional modes than the edge stimulus. The secondary and tertiary pulses visible 
in Figure 4-3, come from the wave reflecting from the opposite edge of the plate (1m 
additional travel distance). This permits an approximate estimate of the speed of the 
333kHz component and indicates that the 333kHz component is more heavily 
attenuated than the 167kHz.  
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Figure 4-3: Typical raw wave signals collected at two sensors and their associated the Gabor Wavelet 
Transforms for source on the edge of the plate. (a) Sensor 1; (b) Sensor 2. 
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4.2  Repeatability 
Figure 4-4 shows the normalised energy (E(S2)/E(S1)) from the six repeatability tests 
described in Chapter 3.2.1(c), where E(S1) and E(S2) are the energies of AE waves 
collected by a fixed source sensor (S1) and a movable sensor (S2). There is a very large 
variance in the results of Test 6 and much smaller variances in the other five tests, which 
indicates that each of the five tests have good internal repeatability, including minor 
changes in the sensor position (Tests 4 and 5 ). Table 4-1 lists the average and variance 
of AE energy for the six tests, where the variance for Test 6 can be seen to be almost 20 
times than that in the other five tests. Although the other five tests have similar small 
variances, their mean values do appear to change. Excluding the tests where the position 
of the sensor was changed, further investigation of the energy for the first three tests 
using Single Factor ANOVA (analysis of variance) shown in Table 4-2, where each 
P-value is less than significance level (0.05) and each F-value is greater than Fcrit (3.94), 
which demonstrates that the variance between Test 1 and the other two tests is 
significant. Hence removal and replacement of the sensor has a greater effect on the 
energy of received AE signals than any variations in individual pencil lead breaks. In 
view of the fact that tests 1, 3 and 5 have very similar averages, it seems likely that the 
variability is to do with the quality of the coupling as opposed to minor variations in 
position. 
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Figure 4-4: Measured AE energy for the repeatability tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-5: Images showing plate surface features. 
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F P-value F crit
342.3426 9.62E-34 3.938110878
F P-value F crit
21.61854 1.04E-05 3.938110878
Figure 4-5 shows images of the condition of the surface of the plate and it can be seen that 
a particular sensor placement could result in a different coupling environment with 
respect to fibres, resin and surface voids. These factors make it difficult to measure the 
attenuation of the waves along a specific line/angle/direction as they can significantly 
affect the amplitude of the acquired signal. The ability to use wave energy (or amplitude) 
source location and/or reconstitute signals is therefore quite limited unless some special 
coupling arrangement can be devised. 
 
However, the variance of arrival time for both the slow and fast waves are very small, as 
shown in Table 4-3, 4-4 and 4-5, which means removal and replacement of sensor has 
little effect on arrival time. 
 
 
SUMMARY
Groups Count Average Variance
    test 1 50 0.032 3.50E-06
    test 2 50 0.040 5.36E-06
    test 3 50 0.034 4.95E-06
    test 4 50 0.022 4.04E-06
    test 5 50 0.033 2.98E-06
    test 6 50 0.035 2.25E-04  
  
Table 4-1: Summary of mean and variance of AE energy for 6 tests 
 
 
 
 
                   
 
(a)                                    (b) 
 
Table 4-2: Single Factor ANOVA for repeatability tests of AE energy, where α=0.05. (a) ANOVA 
for test 1 and test 2; (b) ANOVA for test 1 and test 3. 
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F P-value F crit
3.01669004 0.052004456 3.0576207
F P-value F crit
1.8932558 0.1542342 3.0576207
 
SUMMARY
Groups Count Average Variance
test 1 50 33.9 1.60
test 2 50 34.2 0.29
test 3 50 33.9 0.72
test 4 50 33.4 1.69
test 5 50 34.4 2.19
test 6 50 32.5 1.53  
(a) 
SUMMARY
Groups Count Average Variance
test 1 50 134.1 0.61
test 2 50 133.9 0.19
test 3 50 134.2 0.48
test 4 50 130.0 1.15
test 5 50 134.9 1.41
test 6 50 135.3 0.93  
(b) 
 
Table 4-3: Summary of mean and variance of arrival time for 6 tests. (a) the fast wave arrival time; 
(b) the slow wave arrival time. 
 
 
 
 
 
Table 4-4: Single Factor ANOVA for repeatability tests of fast wave arrival time for test 1, test 2 
and test 3, where α=0.05.  
 
 
 
 
 
Table 4-5: Single Factor ANOVA for repeatability tests of slow wave arrival time for test 1, test 2 
and test 3, where α=0.05. 
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4.3  Wave speed determination 
Following methods presented previously in Chapter 2.2.2 [91, 92], the Gabor Wavelet 
Transforms derived from the wave speed tests (Section 3.2.1a) were used to analyse the 
flexural wave. The highest peak (i.e. overall maximum at 125kHz, scale = 40) was 
selected automatically with a Matlab programme to indicate the wave arrival time at 
each of the 4 sensors. In the Matlab programme, function cwt(x, 1:64, 'morl') was used 
to obtain Gabor Wavelet Transform, where x represents a wave signal collected, ‘1:64’ 
scales selected (scale = sample rate / frequency) and ‘morl’ Morlet Wavelet, being 
replaced with Gabor Wavelet here. An example of the measured arrival times against 
source-sensor distance obtained at 0o for each of the 10 repeat tests is shown in Figure 4-6 
and, as can be seen, the average wave speed of 1503m/s is indicated with a very high 
degree of confidence (R2=1). For the extensional wave, the Gabor Wavelet Transform is 
difficult to interpret due to the number of peaks of similar height [77]. To overcome this 
difficulty, a digital band pass filter between 250 and 500kHz, i.e. scale = 10 to scale = 20, 
was used and the data was normalised to the peak value and a threshold of 0.04 (i.e. 4% of 
the peak value) [77] was used to find the wave arrival time. An example of the measured 
arrival time against source-sensor distance obtained at 0º is shown in Figure 4-7. Again, 
the average wave speed of 5900m/s is indicated with a high degree of confidence (R2 = 
0.9998). 
 
 
 
 
 
 
 
 
 
 
Figure 4-6: Measured flexural wave arrival time using time of arrival of peak value of the Gabor 
Wavelet Transform for the 4-channel measurement system at 0o to the fibres (v=1503m/s). 
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Figure 4-7: Measured extensional wave arrival time using wavelet packet decomposition, 
Butterworth filter and threshold crossing for the 4-channel measurement system at 0o to the fibres 
(v=5900m/s). 
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(c) 
 
Figure 4-8: Plot of measured wave speeds for the extensional mode and flexural mode against angle, 
where 0o is the direction paralleling to the fibres. The figure is divided into 4 parts with yellow lines, 
0º～90º , 90º～180º, 180º～270º and 270º～360º, and the anomalous points at angles of 80º, 170º, 
260º and 350º are marked with red circles. (a) the extensional (blue) and flexural wave speeds (pink); 
(b) the extensional wave speeds with error bars; (c) the flexural wave speeds with error bars. 
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Figure 4-8 shows the measured wave speeds for the extensional mode and the flexural 
mode against angle. The extensional wave speeds show a strong periodic variation from 
0º to 90º , 90º to 180º, 180º to 270º and 270º to 360º, except for the four anomalous 
points marked with red circles at angles of 80º, 170º, 260º and 350º, whereas the flexural 
wave speeds show relatively little change with angle and do not appear to be periodic. 
In Figure 4-8(a), the four anomalous speeds at angles of 80º, 170º, 260º and 350º could 
arise if attenuation of the extensional mode varies with angle and rises sharply at angles 
of 80º, 170º, 260º and largely drops at 350º. This would cause the measured arrival 
times to be bigger than actual arrival times at angles of 80º, 170º, 260º, while smaller at 
350º using the threshold crossing method. It is not, however, clear how such changes in 
attenuation would come about since all four anomalous angles share the common 
feature that they are almost parallel to a major fibre axis and would all presumably be 
similarly scattered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-9: Best sinusoidal fit for extensional wave speeds. 
 
Figure 4-9 shows a sinusoidal fit (with a fixed phase relative to the fibre direction) to the 
extensional speed variation with angle which shows that the correlation is not actually as strong as 
it might appear, although the amplitude is about 10% of the mean. 
 
y = 510cos(4x) + 5146 
 R2 = 0.5717 
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Figure 4-10: Average and standard deviation for the flexural wave speeds, where the pink line 
represents the average wave speed and the yellow lines the standard deviation of the wave speeds. 
 
 
Figure 4-10 shows the average and the standard deviation for the flexural wave speeds. 
The standard deviation here is only 1.6% of the average speed, which means that the 
effect of angle is insignificant, and thus the average speed is considered to represent the 
wave speeds at all angles for source location in Chapter 4.4.  
 
4.4  Source location 
The three-sensor array used for the source location experiments described in Chapter 
3.2.1(e) is drawn in general form in Figure 4-11, with S0, S1 and S2 arranged in a 
triangular array, where l0, l1 and l2 are the distances between sensor pairs and 210 ,, rrr are 
the distances from an arbitrarily placed source to each of the three sensors.  
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Figure 4-11: The set-up for source location. 
 
If t0, t1 and t2 are (unknown) arrival times at the three sensors, and 10 ,θθ and 2θ are the 
known relative angles in x-y coordinates, published source location algorithms [1, 78, 88, 
89] give two sets of equations according to whether the material can be considered 
isotropic with respect to wave speed or not. Where the wave speed is independent of 
direction (or angle) three simultaneous equations can be derived: 
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where v is the wave speed, 011 ttt −=∆ and 022 ttt −=∆  are the time differences 
between wave arrivals at S0 and S1, and S0 and S2 respectively, and (x, y) is the 
calculated location of the source. The solution for 0t  can be obtained from equation 
(4-1) using an iteration technique, such as Newton-Raphson, and then 0t  substituted into 
equations (4-2) and (4-3) to obtain the co-ordinates of the source.  
 
If the wave speed is direction (or angle) dependent, the velocity is a function of angle 
θ to the fibre direction, ( )c f θ= . If c0, c1 and c2 are wave speeds in the direction from 
the source P(x, y) to the three sensors, they are described by: 
θ1 
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                                                                  (4-4) 
 
 
 
According to Tobias [113], the angles from the source P(x, y) to the three sensors 10 ,θθ  
and 2θ satisfy both equations (4-4) and (4-5). Then, the solutions for 10 ,θθ and 2θ can 
be substituted into equations (4-6) and (4-7) to obtain the co-ordinates of the source, x 
and y. 
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When applying this algorithm, it was usually not possible to find by iteration a set of 
angles that made both J1 and J2 equal to 0, even when the actual angles from the real 
source were used. The angles which made J1 and J2 less than a specified “terminal 
error” δ are therefore considered the solutions. Here “terminal error” refers to the least 
error scope accepted. The algorithm is explained in detail seen in Appendix A.                  
                                                                                                                 
Figures 4-12 and 4-13 show the results of the source location experiment using the 
flexural wave and the extensional wave, respectively, the ten randomly-chosen source 
positions and the positions estimated from the five pencil lead breaks at each source 
0)sin(sinsin 101011110011 =+∆−−= θθθθ cctclclJ
0)2/sin(sin)2/sin( 202022220022 =+−∆−−−= θθπθθπ cctclclJ
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position using the above algorithms. Tables 4-6 and 4-7 list the errors in source location, 
calculated from %100
)()(
22
22
×
+
−+−
=
yx
yyxx
error  where x and y are the average of 
the five co-ordinates for each estimated source position, and x and y are the actual 
co-ordinates. Comparing the errors in the two tables, the most striking difference is that 
locations using the angle-independent flexural wave are more accurate, with all errors 
smaller than 5%. Locations using the angle-dependent extensional wave could have 
errors up to 30%, which may have resulted from the low confidence of curve fitting of the 
extensional wave speeds (R2=0.5717) and/or the complex angle-dependent algorithm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-12: Source location using flexural wave arrival time and speed.   estimated source position, 
actual source positions, ● sensor array positions. 
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Figure 4-13: Source location using extensional wave arrival time and speeds.   and   estimated 
source positions,   actual source positions, ● sensor array positions.   and   are used to separate 
the calculated source location points for the close sources, (0.3,0.3) and (0.3,0.4), and (0.1,0.5) and 
(0.1,0.4). 
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Test 1 Test 2 Test 3 Test 4 Test 5 Average Error(%)
x 0.5 0.4560 0.3400 0.3400 0.4318 0.4850 0.4106 17.55
y 0.1 0.0970 0.1038 0.1038 0.1075 0.1036 0.1031
x 0.3 0.2903 0.2938 0.2934 0.2934 0.2934 0.2929 8.80
y 0.4 0.3453 0.3510 0.3620 0.3623 0.3623 0.3566
x 0.1 0.1300 0.1380 0.1410 0.1402 0.1402 0.1379 11.36
y 0.5 0.6200 0.5300 0.5230 0.5230 0.5230 0.5438
x 0.3 0.2840 0.2730 0.2965 0.2963 0.2963 0.2892 7.13
y -0.1 -0.0400 -0.0380 -0.1080 -0.1070 -0.1080 -0.0802
x 0.1 0.1053 0.1025 0.1042 0.1050 0.0945 0.1023 2.78
y 0.1 0.1020 0.0925 0.1043 0.1123 0.1048 0.1032
x 0.3 0.3050 0.3710 0.3050 0.3750 0.3400 0.3392 19.74
y 0.3 0.3160 0.4420 0.3160 0.4430 0.3530 0.3740
x 0.1 0.1050 0.1034 0.1034 0.1055 0.1035 0.1042 4.48
y 0.4 0.4100 0.4150 0.4150 0.4350 0.4150 0.4180
x 0.0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 2.00
y 0.1 0.0900 0.1000 0.1000 0.1000 0.1000 0.0980
x -0.1 -0.1270 -0.1410 -0.1450 -0.1370 -0.1360 -0.1372 16.65
y 0.2 0.2020 0.2020 0.2050 0.1980 0.2000 0.2014
x 0.1 0.0880 0.0795 0.0881 0.0927 0.0827 0.0862 32.86
y -0.2 -0.2710 -0.2450 -0.2712 -0.2853 -0.2884 -0.2722
Actual Value                Experiment Value
Test 1 Test 2 Test 3 Test 4 Test 5 Average Error(%)
x 0.5 0.4963 0.4913 0.4812 0.4890 0.4889 0.4893 1.95
y 0.1 0.1037 0.1041 0.0994 0.1033 0.1022 0.1025
x 0.3 0.2862 0.2884 0.2876 0.2883 0.2862 0.2873 2.66
y 0.4 0.3928 0.3949 0.3925 0.3931 0.3909 0.3928
x 0.1 0.0932 0.0952 0.0937 0.0937 0.0952 0.0942 1.68
y 0.5 0.4858 0.5026 0.4909 0.4909 0.4919 0.4924
x 0.3 0.2910 0.2917 0.2893 0.2892 0.2885 0.2899 4.39
y -0.1 -0.0878 -0.0872 -0.0849 -0.0842 -0.0844 -0.0857
x 0.1 0.1008 0.1005 0.1008 0.1010 0.1007 0.1008 2.74
y 0.1 0.1048 0.1045 0.1045 0.1045 0.1051 0.1047
x 0.3 0.3013 0.3000 0.2974 0.3012 0.3015 0.3003 0.46
y 0.3 0.3013 0.3033 0.2979 0.3051 0.3048 0.3025
x 0.1 0.0981 0.1006 0.0952 0.0993 0.0973 0.0981 0.54
y 0.4 0.4025 0.4084 0.3973 0.4035 0.4021 0.4028
x 0.0 0.0024 0.0029 0.0025 0.0018 0.0031 0.0025 4.35
y 0.1 0.1041 0.1047 0.1042 0.1044 0.1042 0.1043
x -0.1 -0.1006 -0.0989 -0.1004 -0.1011 -0.1009 -0.1004 1.18
y 0.2 0.2029 0.2024 0.2027 0.2034 0.2024 0.2028
x 0.1 0.1025 0.1043 0.1045 0.1040 0.1031 0.1037 0.78
y -0.2 -0.2063 -0.1980 -0.1983 -0.1968 -0.2010 -0.2001
Actual Value                Experiment Value
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4-6: Percentage errors of source location using flexural wave. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4-7: Percentage errors of source location using extensional wave. 
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4.5  Discussion 
4.5.1 Identification of high order wave mode 
As mentioned in Chapter 4.1, an AE wave generated by a pencil lead break contains two 
high frequency extensional modes at around 167kHz and 333kHz, and a low frequency 
flexural mode 125kHz. Following Lamb’s wave theory, the components at 167kHz and 
125kHz could be the zero-order extensional and flexural modes, s0 and a0, while the 
component of 333kHz could be the first-order extensional mode s1, because its wave 
speed (shown in Figure 4-9) is approximately equal to the speed of s0, but much larger 
than a0 (1500m/s roughly), and thus, according to the relationship between group 
velocity and frequency shown in Figure 2-3, it is most likely s1. 
 
4.5.2 Wave attenuation 
Figure 4-14 shows the logarithmic normalised energy ln(E/E0) against source-sensor 
distance at the angles of 280º to 330º from the wave attenuation tests described in 
Chapter 3.2.1(d), where the test was repeated ten times for each angle. The energy 
attenuation coefficient for each angle seems to vary randomly from 17 to 26dB/m, and 
no angle dependence could be identified, which may be because of masking by the effect 
of sensor placement discussed in Chapter 4.2. Figures 4-15(a) and 4-15(b) show the 
average attenuation coefficients along fibres (0o, 90o, 180o and 270o) and at oblique 
angles (all angles except 0o, 90o, 180o and 270o). The attenuation coefficient at oblique 
angles is 17.2dB/m, slightly higher than that along fibres, 16.3dB/m. The relative levels 
of variability associated with sensor placement and with directionality of attenuation, 
combine to make energy-based methods of source location [94] unattractive for 
composite plates.  
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Figure 4-14: Logarithmic normalised energy -ln(E/E0) vs. source-sensor distance at angles of 280º 
to 330º. 
 
 
 
 
  
 
 
 
 
 
 
 
 
(a)                                         (b) 
 
Figure 4-15: Plot of -ln(E/E0) vs. source-sensor distance for simulated sources on the composite plate. 
(a) Energy attenuation in directions of 0o, 90o, 180o and 270o; (b) Energy attenuation at oblique 
angles. 
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Chapter 5    Low speed impact sources   
 
As described in Chapter 3, three different sizes of dropped steel ball were used to 
simulate impact on a composite plate and a steel block with different drop positions 
(source-sensor distance) and drop heights using a fixed sensor position. In this chapter, 
the results are analysed with a view to assessing how AE signals can be used to infer the 
impact ball sizes and Young’s Modulus of target. The signals generally contain short- 
and long-return time pulses and those from the composite plate and the steel block are 
generally similar for a given ball size and drop height, except that the number of pulses 
and the time intervals between pulses are different. The time intervals vary with the 
target type, the size of the balls and the drop height. 
 
5.1  Typical wave signals 
Typical AE wave signals for impacts are shown in Figures 5-1(a) and 5-1(b), where 5-
1(a) represents an impact on the composite plate and 5-1(b) on the steel block. The red 
lines represent the calculated time for a wave to travel to the sensor indirectly via one 
reflection from the nearest edge, and so the parts of the signals to the left of the lines 
represent the least distorted image of the source. As can be seen, both impact sources 
contain short- and long-return time pulses and they are generally similar for a given ball 
size and drop height, except that the number of pulses and the time intervals between 
pulses are different. 
 
 
 
 
 
 
                              
(a)                                                                                  (b) 
 
Figure 5-1: Typical AE wave signals of impact for a steel ball dropped onto the composite plate (left) 
and the steel block (right) with a same drop height. (a) Impact on the composite plate; (b) Impact 
on the steel block. 
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Figure 5-2: Typical AE wave signals of impact for three diameters of steel ball dropped onto the 
composite plate with two drop heights, where the figures on the right are magnified versions of 
initial part of the figures on the left. (a) Ball 3 (D=7.937mm) with drop height of 50mm; (b) Ball 3 
with drop height of 40mm; (c) Ball 2 (D=6.35mm) with drop height of 50mm; (d) Ball 2 with drop 
height of 40mm; (e) Ball 1 (D=3.969mm) with drop height of 50mm; (f) Ball 1 with drop height of 
40mm. 
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(f) 
 
Figure 5-3: Typical AE wave signals of impact for three diameters of steel ball dropped onto the 
steel block with two drop heights, where the figures on the right are magnified versions of initial 
part of the figures on the left. (a) Ball 3 (D=7.937mm) with drop height of 50mm; (b) Ball 3 with 
drop height of 40mm; (c) Ball 2 (D=6.35mm) with drop height of 50mm; (d) Ball 2 with drop height 
of 40mm; (e) Ball 1 (D=3.969mm) with drop height of 50mm; (f) Ball 1 with drop height of 40mm; 
(f) Ball 1 with drop height of 40mm. 
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Figures 5-2 and 5-3 show a wider selection of AE impact signals with different drop 
height (40 and 50mm) and ball size (4.0, 6.3 and 7.9mm). The features underscored 
with red lines represent rebounds of the balls. The visibility of the rebounds diminishes 
gradually with ball size and more rapidly with drop height, even though the incident 
kinetic energy will vary linearly with mass and with the square root of height. This 
would tend to suggest that the energy converted into AE is influenced by other factors 
than incident energy. 
 
5.2  AE wave signal analysis 
Further observations on the effect of source-sensor distance and impact ball diameter 
can be made from Figure 5-4 and Figure 5-5, which show records for three steel balls of 
different sizes dropped at four positions with a fixed drop height, for the composite 
plate and the steel block targets, respectively (Set-up 1 and Set-up 3 in Tables 3-3 and 
3-4). The left hand sides of the figures show the raw AE waveforms, and the right 
shows the Gabor wavelet transforms, where high frequency components (>250kHz, i.e. 
< 20 in scale) are filtered out using a digital low pass filter, because the signals are 
predominantly of low frequency and the high frequency components are too small to be 
worthy of consideration. The time difference between the first two peaks of the contour 
plot of the wavelet transform of the impact appears to vary significantly with ball 
diameter for both impact on the composite plate and the steel block, but less 
significantly with source-sensor distance.  
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Figure 5-4: Time series and wavelet transform of records of impact on the composite plate for three 
diameters of steel ball at four positions along 0°, where D is the diameter of the impact ball in mm.  
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Figure 5-5: Time series and wavelet transform of records of impact on the steel block for three 
diameters of steel at four positions, where D is the diameter of the impact ball in mm.  
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Figure 5-6 summarises the relationship between the time difference between the first 
two peaks and ball diameter and source-sensor distance, where the time difference turns 
out to be proportional to ball diameter with a high degree of confidence, R2>0.9 for 
impact on the composite plate and R2>0.97 for impact on the steel block and the slope 
for each trendline (source-sensor distance) is close, between 5 and 6 for the composite 
plate and 3.4 and 3.6 for the steel block. This means that source-sensor distance has no 
significant effect on the relationship between the time difference and ball diameter. 
Accordingly, all of the data are merged in Figure 5-7 to obtain a general relationship 
between the time difference of the first two peaks and ball diameter which causes a 
slight drop in the goodness-of-fit. Figure 5-7 also shows the effect of target type on the 
time difference, where the steel block is more elastic than the composite plate, thus has 
shorter time difference. Figure 5-6 suggests that changes in the time difference resulting 
from changes of source-sensor distance are irregular. For example, a bigger time 
difference appears when the source-sensor distance is 3.5cm than 8.5cm for the 
composite plate and 5cm for the steel block. Figure 5-8 clarifies this observation, where 
dark blue, pink and yellow represent the small, middle and big balls, respectively. The 
average time differences for the three size balls are 23.76, 34.779 and 44.55µs for the 
composite plate and 13.45, 21.93 and 27.27µs for the steel block, and the times 
randomly distribute within the error bands, ±15%, ±10% and ±15%  of means for the 
composite plate and ±10%, ±5% and ±5%  for the steel block. 
 
 
 
 
 
 
 
 
 
 
(a)                                                                              (b) 
 
Figure 5-6: The effect of ball diameter and source-sensor distance on the time difference between 
the first two peaks of the Gabor Wavelet Transform, where dark blue, pink, yellow and cyan 
represent 4 source-sensor distances, 3.5cm, 5cm, 8.5cm and 10cm for impact on the composite plate 
and 1.5cm, 3cm, 5cm and 7.5cm for impact on the steel block respectively. (a) Impact on the 
composite plate; (b) Impact on the steel block. 
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(a)                                                                                   (b) 
  
Figure 5-7: The best fit for the time difference between the first two peaks against ball diameter. (a) 
Impact on the composite plate; (b) Impact on the steel block. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                                   (b)  
 
Figure 5-8: The effect of source-sensor distance on the time difference between the first two peaks 
of the Gabor Wavelet Transform, where dark blue, pink and yellow represent the small, middle 
and big balls, respectively. (a) Impact on the composite plate; (b) Impact on the steel block. 
 
 
The effect of drop height on the time difference of the first two peaks on its contour plot 
is summarised in Figure 5-9 (Set-up-2 in Tables 3-3 and 3-4). At each drop height, the 
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time difference is still proportional to ball diameter with a high degree of confidence 
(R2>0.9) and the slopes for the different drop heights are still close to each other 
varying from 4 to 6 for the composite plate and 3.0 to 3.5 for the steel block. The effect 
of drop height is quite clear for impact on the steel block, where the time difference 
increases as drop height decreases, but the effect is less clear for impact on the 
composite plate. In the latter case, although the time difference increases significantly 
for a drop height of 5cm, there is almost no difference between drop heights of 19cm, 
14cm and 10cm.  
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                                         (b)  
 
Figure 5-9: The effect of drop height on the time difference between the first two peaks in its 
contour plot, where dark blue, pink, yellow and cyan represent the drop height is 50mm, 100mm, 
140mm and 190mm for the composite plate and 40mm, 50mm, 100mm and 140mm for the steel 
block. (a) Impact on the composite plate; (b) Impact on the steel block. 
 
 
Figure 5-10 shows raw AE waves for a steel ball with diameter of 7.9mm was dropped 
from a height of 4cm onto the centre of the composite plate and a sensor was placed 
5cm away from the impact source along a line at angles 0°, 20°, 40°, 60°, 80° and 90° 
on the surface of the plate (Set-up 3 in Table 3-4). Each wave consists of many pulses 
with different magnitude, phase and duration. Figure 5-11 shows the effect of angle of 
the composite plate on the time difference between the first two peaks, and no clear 
relationship is evident between the time difference and angle. The time difference is 
randomly distributed within ±5% error bands of mean, i.e. from 38.298µs to 42.329µs. 
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(c)                                                                               (f) 
 
Figure 5-10: Time series of records of impact on the composite plate along different angles, where 
the dropped ball diameter was 6.35mm. (a) 0º; (b) 20º; (c) 40º; (d) 60º; (e) 80º; (f) 90º. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-11: The effect of angle of the composite plate on the time difference between the first two 
peaks. 
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The effect of the composite plate on the time difference between the first two peaks is 
shown in Figures 5-12 and 5-13, where the impact signals were collected by a sensor 
placed on the centre of the bottom surface of the composite plate (Set-up-4 in Table 3-4). 
Figure 5-12 shows typical impact signals and their wavelet transforms, where 3 sizes of 
steel balls were used to simulate impact sources. Figure 5-13 reveals that the time 
difference is still proportional to ball diameter and its slope 6.0 is close to that in Figure 
5-7 (5.2) where the impact signals were collected by a sensor placed on the surface of 
the composite plate. That means that the composite plate has an insignificant effect on 
the time difference between the first two peaks. 
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Figure 5-12: Typical impact signals collected by a sensor placed on the centre of the bottom surface 
of the composite plate. D is the diameters of impact ball and its unit is mm.  
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Figure 5-13: The effect of the composite plate. 
 
In summary, the time difference between the first two peaks is proportional to ball 
diameter, sometimes decreases with increasing drop height, and the effects of source-
sensor distance, angle and the composite plate are insignificant.   
 
5.3  Comparison with theoretical contact time 
According to Hertz’s theory, the contact time of dynamic impact between a hard (i.e. 
elastic) sphere and a hard, flat surface with no flexure is [109]:   
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where r and ρ are the radius and density of the sphere, h is the drop height, and the 
combined Young’s modulus E* is given by: 
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where E1, E2, υ1 and υ2 are Young's modulus and Poisson's ratio of the sphere and plate 
respectively. Equation 5-1 indicates that contact time tf is proportional to ball radius r, 
but inversely proportional to 10 h . Therefore, the relationships between the time 
difference between the first two peaks and ball diameter and drop height in Figure 5-7 
and Figure 5-9 agree well with Hertz's theory, which suggests that the time between the 
first two peaks is indeed related to contact time.  
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All of the time differences between the first two peaks from impact tests and the 
corresponding theoretical contact times estimated by Hertz’s theory are plotted in 
Figure 5-14, where the time difference data in Figure 5-14(a) was collected by a sensor 
placed on the surface of the composite plate, while in Figure 5-14(c) the sensor was 
placed on the bottom surface of the composite plate purposely to investigate the effect 
of the composite plate. Figure 5-14 shows generally that the theoretical contact time is 
proportional to the time difference between the first two peaks with a high degree 
confidence (R2 >0.9), and thus the time difference between the first two peaks well 
represents the theoretical contact time. The time difference between the first two peaks 
in its contour plot of wavelet transform is hereafter abbreviated to “estimated contact 
time” to distinguish it from the theoretical contact time.  
 
 
 
 
 
 
 
 
 
 
(a)                                                                              (b) 
 
 
 
 
 
 
 
 
 
(c) 
 
Figure 5-14: The time difference between the first two peaks vs. the theoretical contact time. (a) 
Impact on the composite plate; (b) Impact on the steel block; (c) The effect of the composite plate. 
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5.4  Discussion 
5.4.1 Identification of impact wave modes 
According to Lamb’s wave theory flexural modes are stimulated by out-of-plane 
impulses, and so the signals in Figure 5-12 can be attributed to flexural waves. The 
flexural waves may involve some in-plane motion (extensional waves) due to the 
Poisson effect, which can be seen in Figure 5-2, in the initial small high frequency 
waves visible at a drop height of 50mm, but barely visible at 40mm. Generally speaking, 
the AE waves generated by dropped objects contain a larger flexural wave and a smaller 
extensional wave. 
 
5.4.2 Application of the estimated contact time 
a) Estimation of Young’s Modulus 
The Young’s Modulus of the impacted target can be estimated from the estimated 
contact time assuming the Hertz theory to be valid. 
 
From Equation 5-1, E* can be expressed as follows, 
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That means that ∗E  is proportional to 
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between two given materials, so is the value of 2/5-
10/1
)(
r
th f  .  
 
Since )/(
1000
2)/(
)2/10(
)10()/( 3
6
ms
x
yms
x
yms
r
t f =
×
×
=
−
−
, where xy /  is the rate of slope of 
the best fit curve in Figure 5-7, we can write: 
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Solving Equation (5-2) for the (variable) modulus of the target material:   
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                                                    (5-5) 
 
The estimated Young’s modulus of the impacted targets is listed in the Table 5-1. The 
value of 2/5-
10/1
)(
r
th f  remains constant within the error band (±11.6% for the composite 
and ±4.8% for the steel block), which verifies again that the time difference between the 
first two peaks in the contour of the wavelet transform is indeed related to the contact 
time of impact. The error for the composite plate is bigger than that for the steel block, 
probably because the composite is viscoelastic and incurs a bigger error when estimates 
use Hertz's theory. 
 
 
 Impacted target 
Composite plate Steel block 
 
(h1/10×y / x)-5/2 
0.02527 0.09419 
0.03117 0.09816 
0.02977 0.09666 
0.02554 0.10254 
Mean  0.02794 0.09789 
Std.  0.00298 0.00351 
Max Error (0.03117-0.02794)/0.02794 
= 11.6% 
(0.10254-0.09789)/ 
0.09789 = 4.8% 
 
Estimated E*(GPa) from Equation  
(5-4) 
31 114 
38 119 
36 117 
31 124 
 
Estimated E2(GPa) from Equation  
(5-5) 
32 205 
41 224 
39 217 
33 245 
Mean 36 223 
Std.  4.4 16.8 
Error relative to empirical values (60-36)/60=40% (223-210)/210=6.2% 
 
Table 5-1:  Estimated Young’s modulus of impact targets. 
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In Figure 5-14(b), the best fit for the impact on the steel block is close to xy = , which 
means the estimated contact time is most likely the contact time of impact. However, 
the estimated contact time is slightly longer than the theoretical contact time for the 
composite plate where xy 0.8598=  in Figure 5-14(a) and xy 0.8164=  in Figure 5-
14(c). This is probably again due to the fact that the steel block and balls will behave in 
a linear elastic fashion over a wider rage of strains than the composite, despite the fact 
that it is generally accepted that elastic behaviour can be assumed when the volume 
fraction of fibres is greater than that of matrix [109] and this condition is met for the 
composite used here (58% fibres and 42% matrix). Stronge [109] suggests that a linear 
Maxwell model is more accurate than assuming linear elastic behavior in Hertz’s theory 
for a composite. He has compared the two and verified that the former gives a slightly 
longer contact time. This adequately explains why the theoretical contact time estimated 
by Hertz’s theory is shorter than the estimated contact time in Figure 5-14(a) and Figure 
5-14(c).  
 
b) Determination of impact wave speeds 
The distinct characteristic of an AE impact wave is that it consists of many pulses with 
different magnitude, phase and duration, while the number of pulses in each wave varies, 
and, moveover, the magnitude, phase and duration of waves distort due to dispersion, 
attenuation, and reflection during propagation, which makes it difficult to find the 
counterparts of arrival times [77]. Figure 5-15 shows waves propagating along 0 and 45 
degree lines, respectively, with the distances between sensors being 10cm along the 0 
degree line and 14.14cm along the 45 degree line. There are at least two ways to 
determine the arrival times marked with red and yellow lines/circles, depending upon 
whether the phase of the pulses is considered or not. The confusion can be solved if the 
estimated contact time is introduced, however. As discussed above, the estimated 
contact time remains constant with a given dropped ball and drop height, so it is easily 
recognized, and thus the associated peaks can be located for arrival time determination. 
The peaks marked with red circles in Figure 5-15(a) and yellow in Figure 5-15(b) are 
selected as arrival times, based on the estimated contact time, which suggests that the 
phase of pulses has no effect on arrival time determination. For example, the wave 
speeds obtained in this way are around 1144m/s and 1107m/s at the angles of 0 and 45 
degrees respectively. This seems to suggest that the impact wave speeds are angle-
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independent, which conforms with the measured result for the flexural wave in Chapter 
4.  
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Figure 5-15: Time series of records of impact wave propagation along 0º and 45º. (a) 0º; (b) 45º. 
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Chapter 6    Destructive tests 
 
In composites, AE signals can be generated by various damage sources, the main ones 
being fibre breakage, matrix cracking, fibre-matrix de-bonding and delamination. As yet, 
little consensus has been claimed in the literature in discriminating between these 
damage modes in composites. In this chapter, the results from the destructive tests have 
been analysed with a view to assessing the characteristics of the AE generated in each of 
the three modes of overloading: tension, bending and tearing. The load-AE-time 
characteristics are first examined for where the main concentrations of AE events occur 
during the tests. Next, some samples of AE during the tests are analysed in the 
time-frequency domain to assess whether the findings are consistent with the wave mode 
analysis techniques that have been suggested by some authors for discriminating damage 
modes.  
 
6.1  Strength of composites and structure of specimens 
The strength of a unidirectional continuous fibre reinforced composite when loaded along 
the fibre direction can be considered as a case of parallel loading, as shown in Figure 6-1, 
where the stress is shared between the fibres and the matrix in proportion to their volume 
fractions and the strain in the composite is the same as in each of the components. At 
relatively high volume fractions, Vf, of fibres (usually above about 0.1), the strength of a 
composite in the fibre direction, *1σ , depends upon whether the fibres fail at a lower 
strain than the matrix or vice versa [114, 115, 116]: 
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( ) ∗∗ +′−= ffmf VV σσσ 11  (for brittle fibres)                   (6-1) 
∗∗ = ffV σσ 1  (for brittle matrix)                          (6-2) 
where *fσ  is the fibre failure stress and mσ ′  is the matrix stress, when the strain equals 
the fibre failure strain, *fε . 
 
 
 
 
 
 
 
Figure 6-1: The parallel loading model for composite strength. 
 
 
For the brittle matrix case, considerable cracking occurs in the matrix prior to failure of 
the composite (Figure 6-2) as the fibres continue to be able to take further strain beyond 
the matrix failure strain, *mε . In the case of the brittle fibre model, failure of the fibres 
sheds all of the load onto the matrix, which is then unable to carry the load as its failure 
stress is exceeded. 
 
As mentioned in Chapter 3, the material used was carbon-fibre reinforced epoxy laminate, 
5mm thick, comprising 17 woven plies. The plies were in a 4×4 twill weave, meaning that 
each strand passes over four of the perpendicular strands before passing under four 
strands. The fibres are arranged in strands of 3000, and are made of Thornel T300 PAN 
precursor fibre. This type of fibre has a diameter of 6.93μm,  a tensile strength of 
3240MPa, and a tensile modulus of 231GPa [117], giving a failure strain *fε  (assuming 
linear elastic behavior up to fracture) of 1.4%. 
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Figure 6-2: Brittle matrix model and brittle fibre model. (a) Brittle matrix model; (b) Brittle fibre 
model. 
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It is not known precisely which epoxy material was used, but it is likely to be either 
tetraglycidyl methylene dianiline (TGMDA) or diglycidyl ether of bisphenol (DGEBA) 
each cured with diaminodiphenyl sulphone (DDS), the key properties of which are shown 
in Table 6-1 [118]. 
 
Epoxy type Tensile strength (MPa) Tensile modulus (GPa) Elongation (%) 
TGMDA/DDS 59-90 3.7-3.4 1.8 
DGEBA/DDS 62-117 3.1-3.0 2.4 
Table 6-1: The key properties of epoxy used. 
 
Irrespective of the type of epoxy, it is therefore clear that the composite conforms to a 
brittle fibre model so that the fibres and matrix will fail at the same overall strain (1.4%). 
According to the brittle fibre model, for uniaxial fibres parallel to the tensile direction, the 
failure stress will be [117]: 
 
* ' * * *
1 (1 ) 0.42 0.58f m f f m f fV V Eσ σ σ ε σ= − + = + ≈ [1898 1902] MPa        (6-3) 
 
giving a tensile strength of about 2000MPa for a uniaxial composite. Because the uniaxial 
composite fails at a single value of strain, it might be expected that matrix cracking will 
account for only about 1% of the strain energy at failure. 
 
Given that only half of the fibres are aligned in the tensile direction, the contribution to 
the laminate strength will be diluted and, as a first approximation, the overall strength can 
be taken as the average between the uniaxially-aligned value calculated above and that 
transverse to the fibre direction [117]: 
 
* *
2 [1 ( )(1 )]mf f m
f
EV V Eσ σ= − − − ≈ [48 96] MPa            (6-4) 
 
which is essentially equal to the matrix strength. 
 
Thus, the overall strength of the composite should be approximately 1000MPa, and the 
strain energy associated with fibre-matrix de-bonding is only about 10% of the total, 
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probably released before failure of the composite. 
 
Figure 6-3 shows the structure of the composite at various magnifications. The 
macro-photograph shows the tows (strands) to be around 1.5mm wide and the 
low-magnification micrograph shows them to be about 0.2mm thick, in reasonable accord 
with the ply thickness (laminate thickness divided by number of plies) of 0.3mm, the 
difference being accountable by the fact that the plies are not flat. The high-magnification 
micrograph shows the fibres to be around 5μm in diameter, again in reasonable accord 
with the published value of 7μm, given that these are random longitudinal sections not 
guaranteed to go through the axis of the fibre. 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-3: The structure of the composite at various magnifications 
 
 
Figures 6-4 show various views of the tensile and bending failures confirming the 
de-bonding of the matrix from the transverse fibres and the simultaneous failures of 
matrix and fibres in the longitudinal direction. 
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Figure 6-4: Various views of the tensile and bending failures 
 
 
6.2  Modal AE analysis method for discrimination of damage modes 
According to Lamb’s wave theory, extensional modes and flexural modes are caused by 
motions in-plane and out-of-plane respectively. In cross-ply composites subject to axial 
tension, it might therefore be expected that fibre/matrix de-bonding and fibre breakage 
will generate AE waves which contain a predominantly flexural and extensional modes 
respectively, while matrix cracking will generate both extensional and flexural modes. 
Fibre/matrix de-bonding may involve some in-plane motion due to the Poisson effect, but 
the in-plane motion will be smaller than the out-of-plane and thus will produce a smaller 
amplitude extensional mode [53]. In cross-ply composites subject to bending, fibre 
breakage will generate a predominantly flexural mode, because breakage and hence 
wave generation will be confined to the tensile side and thus the motion will be 
asymmetric about the mid-plane [48]. 
 
In Chapter 4.1.2, the wave generated by a pencil lead break on the edge of the specimen 
was identified as an extensional wave with a characteristic frequency at 167kHz, while 
the wave generated by a pencil lead break on the surface was identified as flexural with 
a characteristic frequency of 125kHz; both waves had a component at around 330kHz, 
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so this could not be used for identification purposes. Thus, the proportions of the energy 
of the signal of a given event in the two bands around 125kHz and 167kHz should give 
an idea of whether the event is predominantly giving rise to an extensional wave (fibre 
breakage) or a flexural wave (fibre/matrix de-bonding). Events which do not fit neatly 
into either category could be associated with multiple sources and/or matrix cracking. 
  
6.3  Results from mechanical tests 
Figures 6-5 to 6-7 give a general view of the AE activity during the whole process of each 
mechanical test, where the signals were collected by the trigger sensor. 
 
As can be seen, AE energy is released throughout the tests, but most intensely in the final 
stages, most probably by fracture. How much energy and how rapidly it is released could 
be related to the different failure mechanisms, and the proportions of these could change 
during the test. To give an overview, conventional AE energy analysis was applied to the 
curves, with AE energy rate and AE cumulative energy being calculated using the 
following equations: 
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where 00 =A , 1≥i  and 1≥j , Aj is the amplitude of the AE signal at time tj and 
6105
1
×
=t is the time difference between tj-1 and tj, kept constant. This time difference 
was chosen by inspection of the early stages of the record so as to represent about twice 
the event length minimising the danger of capturing more than one non-overlapping event. 
The units of both energy rate and cumulative energy are volt2×second. 
 
Cumulative AE energy, AE energy rate and stress/load against time are shown in Figures 
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6-5 to 6-7 where Figure 6-5 represents the three-point bending test on an unnotched 
sample, Figure 6-6 the tensile test on an unnotched sample and Figure 6-7 the tearing test 
on a notched sample.  
 
In the unnotched tensile test, the stress increases in an approximately linear fashion and 
there is an abrupt drop to zero at the critical stress, and corresponding strain, taken to be 
the fibre failure strain, is 1% roughly. In the bending test, there is a similarly abrupt drop 
to zero from a linearly increasing stress, defined as the maximum tensile stress on the 
outer fibres of the bend. Equations 6-1 to 6-3 calculate failure strainε f, stressσ f and 
Young’s modulus E respectively, where L, b, d are the support span, width and depth of 
the tested sample, and Dmax, Fmax are the maximum central deflection and the maximum 
load in the bending test [119]:   
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leading to an estimate of the fibre failure strain of about 1%. 
 
In the case of the notched tearing test seen in Figure 6-7, the stress (and, hence, load) does 
not fall to zero immediately due to the fact that the compliance increases rapidly on first 
failure and the tear does not completely traverse the specimen. 
 
The total amount of AE energy recorded during each of the tests was around the same 
order of magnitude, although the bending test produced generally about 1.5 times as 
much AE as the tensile test and about twice as much as the tearing test. As might be 
expected from the concentrated stress, the steepest jump in energy at failure was in the 
tearing test, with more gradual evolutions in the bending and tensile tests, with the tensile 
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Figure 6-5: Stress, AE cumulative energy and AE energy rate in the bending test. (a) Stress, AE 
cumulative energy and AE energy rate and; (b) Magnified AE energy rate only. 
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Tensile Test
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Figure 6-6: Stress, AE cumulative energy and AE energy rate in the tensile testing. (a) Stress, AE 
cumulative energy and AE energy rate; (b) Magnified AE energy rate only 
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Tearing test
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Figure 6-7: Load, AE cumulative energy and AE energy rate in the tearing test. (a) Load, AE 
cumulative energy and AE energy rate; (b) Magnified AE energy rate only. 
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6.4  Identification of source modes 
In order to identify the sources, it was first necessary to separate out the individual AE 
event signatures from the tests, insofar as this was possible. Each test record consisted of 
0.004 seconds of data, much of it containing no significant AE. This record was 
de-noised by setting up a threshold to the acquisition system before the tests to prevent 
environmental noise and smoothed using 30-point moving averages. Events were 
located in the record by the threshold crossing technique, where the threshold of 0.01V 
was considered small enough to collect all but the insignificant events. 
 
The events were typically of duration 0.0001 to 0.004 second and each was transformed 
into the frequency domain using an FFT algorithm. Figures 6-8 to 6-10 show the 
frequency distributions of all AE events generated during the three tests. Three dominant 
frequency bands around 125kHz, 167kHz and 333kHz appear, as with the AE signals 
generated in the pencil lead break tests reported in Chapter 4.1. Generally speaking, the 
high frequency band (333kHz) is amplified disproportionately due to its nearness to the 
resonant frequency of the sensors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-8: Frequency distribution of AE events in the bending test 
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Figure 6-9: Frequency distribution of AE events in the tensile test 
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Figure 6-10: Frequency distribution of AE events in the tearing test 
Frequency (Hz) 
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Following the hypothesis presented in Chapter 6.2, all the events generated in the tensile 
tests and tearing tests were categorised into one of three groups: fibre breakage related, 
fibre/matrix de-bonding related and matrix cracking related, according to the rules 
shown in Table 6-2. An event was classified as being in the 167kHz domain if the 
maximum magnitude at 167kHz is not less than 0.4 times of that at 333kHz in its 
contour plot and it contains a small component at 125kHz, and hence was categorised as 
fibre breakage related. Similarly an event was classified as being in the 125kHz domain 
if the maximum magnitude at 125kHz is not less than 0.4 times of that at 333kHz in its 
contour plot and it contains a small component at 167kHz, and hence was categorised as 
fibre/matrix de-bonding related. The other events, i.e. those with weak 125kHz and 
167kHz components or with close maximum magnitudes at 125kHz and 167kHz were 
assigned to the matrix cracking related group, although it is acknowledged that these 
may contain mixed events. The factor of 0.4 for the frequency component of 333kHz 
was selected somewhat arbitrarily, although it gives a scaling relative to the overall 
event size, which would not be possible by simply using the ratio of 125kHz:167kHz. 
For the bending test, since events will mostly be generated at the tensile side, the motion 
will be asymmetric about the midplane [48] irrespective of the generating event, leading 
to most waves generated being flexural. Therefore all events generated in bending tests 
were categorised into two groups: fibre breakage related and other damage modes, 
according to the rules shown in Table 6-3.  
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Group Fibre breakage Fibre/matrix de-bonding Matrix cracking 
Modal 
AE 
Features 
167kHz magnitude is not less 
than 0.4 times of that of 333kHz 
 
125kHz absent or much smaller 
125kHz magnitude is not less 
than 0.4 times of that of 333kHz 
 
167kHz absent or much smaller   
the rest 
Table 6-2: Categorisation rules for events generated in the tensile and the tearing tests 
 
 
Group Fibre breakage Other damage modes 
Modal 
AE 
Features 
125kHz magnitude is not less than 0.4 times 
of that of 333kHz 
 
167kHz absent or much smaller 
the rest 
 Table 6-3: Categorisation rules for events generated in the bending test 
 
 
As an example of classification, Figure 6-11 shows a typical event signature frequently 
appearing in the tearing test. It is classified as 167kHz (scale=30) domain as the 
amplitude is more than 0.4 times of that of 333kHz (scale=15), with 125kHz (scale=40) 
being absent. This type of event signature was repeated around 190 times during the test. 
The small specimen used for the tearing test contains 8 fibre strands running in the tensile 
direction, where each strand consists 3000 of single fibres. It is therefore not likely that 
the events correspond to individual fibre breakages, but rather to groups of fibres 
breaking, perhaps whole strands.  
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Figure 6-11: Typical fibre breakage wave signal in the tearing test, where x/5000000 is the time in 
seconds, and y is scale (upper figure) or amplitude (lower figure).  
 
 
Figure 6-12 is more representative of the events occurring at the fracture stress in the 
bending test. They are all the flexural waves with 125kHz (scale = 40) domain with its 
amplitude more than 0.4 times of that of 333kHz (scale = 15), and with 167kHz (scale = 
30) absent. Hence fibre breakage events must be those in the 125kHz domain and its 
amplitude is not less than 0.4 times of that of 333kHz, with 167kHz absent or much 
smaller, which conforms with the theory outline in Section 6.2. 
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                                                          333kHz 
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Figure 6-12: All AE events occurring at the fracture stress in the bending test with scale=40 
(f=125kHz) domain, where x/5000000 is the time in seconds, and y is scale (upper figures) or 
amplitude (lower figures).  
 
 
Figures 6-13 to 6-15 show the histograms of damage modes in the bending test, the tensile 
test and the tearing test, respectively. The tensile test and the tearing test produced large 
numbers of identifiable events, 294 events in the tensile test and 502 events in the tearing 
test, while only 53 events could be identified in the bending test. Dividing these numbers 
into the total cumulative AE yields about 2 × 10-6 V2s/event for bending, about 3 × 10-7 
V2s/event for tension and about 1.5 × 10-7 V2s/event for tearing. The total strain energy 
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at failure for each test is 2 ×108, 3.4 ×107 and 3.3 ×107. 
 
The number of events of each damage mode is close in tearing test, with 147 being 
assigned to matrix cracking, 196 to fibre breakage and 159 to fibre/matrix de-bonding. 
However, the number of events of each damage mode varies widely in the tensile test 
and the bending test, with 217 matrix cracking and 13 fibre breakage events in the 
tensile test, and 43 fibre breakage and 10 other damage modes in the bending test.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-13: Histogram of damage modes in the bending test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-14: Histogram of damage modes in the tensile test 
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Figure 6-15: Histogram of damage modes in the tearing test 
 
 
Figures 6-16 to 6-18 show the distribution of damage mode classification across the tests. 
In both the tensile test and the tearing test matrix cracking is predominant at the start, 
followed by fibre breakage, and fibre/matrix de-bonding occurred later. For the bending 
test, the destructive damage began with fibre breakage, which may be attributable to the 
fact that each event contains many micro-fractures and it is possible to have events with 
a mixture of matrix cracking and fibre breakage. 
 
In Figure 6-18, the curves of fibre breakage and matrix cracking show the same trend. 
However fibre/matrix debonding appears suddenly with 58 events, has and joins the 
same trend as the others from 97 seconds, shown in Figure 6-19. This means that fibre 
breakage, matrix cracking and fibre/matrix debonding occurred together during the 
tearing test, which conforms with the damage process. 
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Figure 6-16: Cumulative damage mode distribution with time in the bending test. Blue: fibre 
breakage; Orange: matrix cracking or fibre/matrix debonding. 
 
 
 
 
 
 
 
                              
 
Matrix cracking 
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Figure 6-17: Cumulative damage mode distribution with time in the tensile test. Blue: fibre 
breakage; Orange: fibre/matrix debonding; Green: matrix cracking. 
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Figure 6-18: Cumulative damage mode distribution with time in the tearing test. Blue: fibre 
breakage; Orange: matrix cracking; Green: fibre/matrix debonding.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-19: Cumulative distribution of fibre/matrix debonding events in Figure 6-18 moved 58 
events up joins the same trend as cumulative distributions of fibre breakage and matrix cracking 
events from 97 seconds. Blue: fibre breakage; Orange: matrix cracking; Green: fibre/matrix 
debonding.  
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6.5  Discussion 
6.5.1 Destructive damage source location 
 
                                    Measured Source Positions 
 
 
145.5      30       90         65       120.5 
 
Figure 6-20: Measured source positions for the bending test. 
 
Figure 6-20 shows the measured source positions for the bending test, where 41 events 
occurred between sensors S1 and S3 and ranging from 27mm to 58mm away from the 
trigger sensor S1 with another 12 events which could not be located accurately due to 
saturation (seen in Figure 6-21) or the counterparts being absent in some waves (seen in 
Figure 6-22). The flexural wave speed (1500m/s) was used for source location because 
it is angle independent. The specimen is narrow, so wave propagation was assumed only 
along the axis of the specimen.  
 
Figure 6-23 shows one of the 41 events, where the wave signals were collected by the 
4-sensor acquisition system. The arrival times for the four sensors are 2.31×10-4 , 2.68×
10-4, 2.49×10-4 and 2.66×10-4 seconds respectively, so the fracture source is 0.5×[ ( 2.31 - 
2.49 )×10×10-4×1500 + 0.09 ] = 0.0315m away from S1.  
 
However, based on the same flexural wave speed (1500m/s), the calculated distances 
between S1 and S2, and S3 and S4 are ( 2.68×10-4 - 2.31×10-4 )×1500 = 0.0555m and 
( 2.66×10-4 - 2.49×10-4 )×1500 = 0.0255m, which does not conform very well with the 
original setup distances of 0.065 and 0.03m, though the errors are quite small. Hence an 
adjusted flexural wave speed was calculated as follows:  
 
v1 = 0.065 / ( 2.68-2.31 )×10-4  = 1757m/s based on the arrival times at S1 and S2, and v2 
S4 S3 S1 S2 
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= 0.03 / ( 2.66-2.49 )×10-4  = 1765m/s based on the arrival times at S3 and S4, and thus 
the adjusted flexural wave speed is the average of v1 and v2, i.e., v = ( v1 + v2 ) / 2 = 
1761m/s. So the adjusted fracture source position is 0.5×[ ( 2.31 - 2.49 )×10×10-4×1761 
+ 0.09 ] = 0.0292m, i.e., the fracture source is 0.0292m away from S1. 
 
The flexural wave speed (1500m/s) is also needed to be adjusted in the tensile test, 
where 166 events out of the total of 294 were located on the right-hand edge, beyond S2 
and cannot be located using the current sensor array. They probably occurred in the 
grips and this was where the specimen finally fractured. 110 events occurred 0.02 to 
0.130m away from S3 towards S1 and the remaining 18 events could not be source 
located accurately for the same reasons as described above. 
 
The change of flexural wave speed may result from the potential change of the effective 
modulus of the composite specimen during the destructive test, or the error of the 
flexural wave speed being considered an angle-independent constant, or the effect of 
fracture of components of the composite on wave propagation. The change of wave 
speed has yet to be understood properly and so further research is needed. 
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Figure 6-21: The effect of signal saturation on source location. 
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Figure 6-22: The counterparts of arrival times are difficult to be found for source location. 
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Figure 6-23: One example event of the 41 occurring in the bending test. 
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Chapter 7    Conclusions and Recommendations 
 
7.1  Conclusions 
The main general finding of this work is that modal AE analysis offers significant 
advantages in monitoring composite panels. Such an approach reduces the reliance on 
energy methods and the consequent problems that this raises with calibration. The most 
significant detailed finding can be subdivided into those related to; AE wave propagation, 
the AE characteristics of impacts and the characteristics of structural damage. 
 
7.1.1 AE wave propagation 
The detailed study of AE wave propagation on a 1m×1m CFRC plate using a Hsu-Nielsen 
source (pencil lead break) led to the following new findings:  
 
 A new method of modal analysis, using the Gabor Wavelet Transform, was 
devised to identify two extensional modes with frequencies of around 333kHz 
and 167kHz and one flexural mode with frequency of around 125kHz. 
 
 Again based on the Gabor Wavelet Transform new techniques for accurate 
arrival times have been developed [77]. The speed of the extensional modes was 
clearly angle-dependent and the flexural modes appeared to be almost 
angle-independent.  
 
 Source location was more accurate using the flexural waves with 
angle-independent wave speed although part of this may be due to the 
complexity of the angle-dependent algorithm with which it was difficult to 
obtain convergence. 
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 Sensor removal and replacement had a significant effect on the repeatability of 
AE energy measurement, but not on arrival time measurement. This meant that, 
overall, energy or amplitude analysis is only acceptable for fixed sensor arrays. 
 
7.1.2 Impact sources 
The experiments with various sizes (mass and incident speed) of impact on composite 
panel and steel block targets led to the following new findings:  
 
 The time difference between the first two peaks in the contour plot of the Gabor 
Wavelet Transform of an impact signal was found to be characteristic of the 
impact and comparison with the theoretical contact times from Hertz’s theory 
[109] gave a ratio very close to 1 irrespective of target type or impact intensity. 
 
 The effect of the target type on the contact time is believed to be that, the more 
elastic the target type is, the shorter the contact time is. 
 
7.1.3 Destructive damage source identification 
The study of AE wave features arising during wholescale tensile failure, bending failure 
and crack extension failure of test pieces led to the following new findings:  
 
The extensional mode was attributed to damage sources which produce in-plane 
impulse, such as fibre breakage and matrix cracking, and the flexural mode was 
attributed to out-of-plane impulses, attributed, for example, to fibre/matrix debonding 
and delamination.  
 
AE events collected from the tensile test and the tearing test could be categorised into 
three groups, predominantly fibre breakage related, predominantly fibre/matrix related 
and predominantly matrix cracking related, depending on the relative magnitudes of 
three wave modes; two extensional modes with frequencies of around 333kHz and 
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167kHz, and one flexural mode around 125kHz. 
 
AE events collected from the bending test could be categorised into two groups, fibre 
breakage related and those related to other damage modes. 
 
The way that the damage sources were identified follows the suggestions of Gorman [61, 
72], Prosser [49, 50, 51, 55, 57], Surgeon and Wevers [48] all of whom worked with 
cases where the amount of damage was strictly controlled. The novel aspect of the 
current work is that it has been demonstrated that, when a failure occurs with many 
individual events, the mapping can still offer a separation of the proportions of damage 
types contributing to the failure.  
 
7.2  Recommendations for future work 
Poor repeatability of energy of the collected AE wave signals was observed in Chapter 4, 
which resulted in energy-related analysis being restricted, making it difficult to acquire 
more comprehensive knowledge of AE wave propagation on the composite plate. If 
energy were to be more reliably measured, it could complement the modal approach on 
which the conclusions are mainly based. Thus, further work is needed to investigate what 
causes this poor repeatability and how it can be overcome in practical situations. Most 
likely causes are the physical configuration of the composite, such as details of its 
fabrication, structure and surface finish, and reproducibility of the quality of the coupling 
of the sensors to the surface. 
 
An impact wave was found to consist of many pulses with the different magnitude, 
phase and duration in Chapter 5, but the mechanism associated with each pulse has not 
been understood well, which means it is difficult to find the counterparts of arrival times 
to determine wave speeds for source location. Hence further investigation is needed. 
The finding that the estimated contact time does not vary with angle and propagation 
distance is certainly helpful as an AE feature, and this could be developed more to allow 
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impact source identification to be improved, particularly into the area of high-speed 
impacts. 
 
A general relationship between damage sources, fibre breakage, matrix cracking and 
fibre/matrix debonding, and AE features is established in this thesis. However, this is 
still qualitative in that it is not yet been used to estimate source intensity or severity, such 
as how many fibres have broken, or how much matrix cracking has developed. To set up a 
quantitative source identification database is expected to be time-consuming, but would 
be required for practical application. Of particular interest will be the threshold of 
delectability of damage in the face of noise in real panels, such as from impacts (including 
water) and vibrations causing non-damaging rubbing.  
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